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ABSTRACT 
Gamma-ray energies and relative intensities have been 
measured with a two-meter bent-crystal spectrometer using 
quartz (310) and germanium (400) crystals. Gamma rays from 
Eu^sz, Yb^^s and Eu^^s were studied. A 
pneumatic system was used to transport short-lived activities 
from a reactor to the focal circle of the spectrometer. Using 
the pneumatic system, the following gamma-ray energies, in keV, 
were measured: 104.320 ± 0.005, 141.411 ± 0.011, 
245.727 ± 0.050; 89 . 847 ± 0.006; 121.775 
± 0.005; 442.91 ± 0.07, 526.62 ± 0.10. Measurement of 
the energies of the gamma rays following the decay of 
gave the following Hf^° level energies: 93.332 ± 0.006 (2^), 
308.583 ± 0.04 (4"^), 640. 89 ± 0.04 (6*), 1084.07 ± 0.06 (B"*") , 
1141.62 ± 0.07 (8 ). The energies of the ground-state rota­
tional band were compared with the predictions of several 
models. The gamma-ray energies and relative intensities, in 
parentheses, measured following Yb^^^ beta decay to Lu^^^ were: 
113.803 ± 0.004, (29.0 ± 0.05); 137.656 ± 0.006, (1.56 ± 0.19); 
144.861 ± 0.005, (5.20 ± 0.35); 251.470 ± 0.017, (1.37 ± 0.13); 
282.517 ± 0.014, (46.5 ± 1.5); 396.322 ± 0.020, (100 ± 2.1). 
From these relative intensities and a measured value of 59.4 ± 
1.6 for the Lu K x-ray relative intensity, the K-shell internal 
conversion coefficient for the 113.8-keV transition was 
V 
determined to be 1,90 ± 0.08. The gamma rays following the 
beta decay of to Gd^^s were investigated with the bent-
crystal spectrometer. The following gamma-ray energies and 
relative intensities were measured: 60.006 ± 0.004; 86.541 
± 0.003, (100); 105.302 ± 0.005; 31.55 ± 0.10, (0.03 ± 0.02); 
45.299 ± 0,002, (3.6 ± 0.7); 57.970 ± 0.026, (0.22 ± 0.05); 
86.062 ± 0,023, (0.49 ± 0,05); 146,061 ± 0.015, (0.19 ± 0.02). 
Upper limits of 0.03 and 0.08 were put on the relative 
intensities of the undetected 40.7- and 118.0-keV gamma rays. 
From the relative intensity data it was concluded that 0.3% 
of the Eu^^^ beta decays populate the 118.0-keV level in 
Gd^^s and 0.7% populate the 146.06-keV level. The spin assign­
ments of the Gd^ss levels are discussed. 
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I. INTRODUCTION 
A. Purpose 
The present experiments are concerned with the accurate 
measurement of gamma-ray energies and relative intensities. A 
bent-crystal spectrometer was used to study low-energy gamma 
rays from several radioactive sources. The results from the 
present experiments can be used as calibration standards for 
Ge(Li) detectors. Presently such detectors are capable of 
measuring gamma-ray energies to better than 0.05 keV and rela­
tive intensities with errors of a few percent. The present 
experimental results are also applied to specific problems in 
nuclear physics. The measured level energies in Hf^®° are 
compared with the predictions of several semi-empirical for­
mulas . Some of these formulas can predict energies of rota­
tional states in deformed even-even nuclei to within 0.1 keV. 
Accurate relative intensity measurements of gamma rays following 
the beta decay of Yb^'® to Lu^^® are used in the study of 
anomalous internal conversion coefficients. In addition, the 
high resolution of the bent-crystal spectrometer was utilized 
to investigate the transitions in Gd^^® following the beta decay 
of Eu^ss, 
Section B of the Introduction contains a brief survey of 
the history and design of bent-crystal spectrometers. Section 
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C deals with the energy units and calibration standards for 
crystal spectroscopy. 
B. History and Design of Bent-Crystal Spectrometers 
Crystal diffraction was first used to study gamma radiation 
by Rutherford and Andrade in 1914 (1), In 1929 Frilley (2) 
developed a photographically recording reflection type spectrom­
eter employing Bragg reflection from a flat crystal. These 
early attempts to measure short wavelengths were characterized 
by poor precision, low resolution and an intense background of 
direct and diffusely scattered radiation. In 1930 DuMond (3) 
set forth the principles of exact focusing with curved crystals. 
Cauchois (4) in 1934 photographically recorded x-rays from 
extended sources following diffraction from a curved crystal. 
Beginning in 194 7 short wavelength radiation was measured by 
DuMond and coworkers with a transmission type bent-crystal 
spectrometer (5). Although the primary objective of DuMond's 
spectrometer was to furnish a precision method of linking the 
absolute wavelength scale of the x-ray spectrum to the gamma-
ray spectrum, its high resolution and the precision with which 
it could measure gamma-ray energies made the bent-crystal 
spectrometer an extremely useful tool for nuclear 
spectroscopists. 
Crystal diffraction spectroscopy is concerned with the 
gamma rays and x-rays which are elastically scattered by the 
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average spatial distribution of electrons surrounding the atoms 
in a single crystal. If a plane wave of electromagnetic radia­
tion is scattered without loss of energy from a set of parallel 
planes spaced a distance d apart, the scattered radiation is in 
phase if the angle of incidence equals the angle of scattering 
and Bragg's law, 
2d sin 0g = nÀ, 
is satisfied. Here X is the wavelength of the radiation, 0g is 
the angle between the reflected ray and the scattering plane 
and n is an integer, the order of diffraction. DuMond (3) was 
the first to show that both of these conditions can be satisfied 
simultaneously by a crystal which has as a reflecting boundary 
a circular arc of radius R/2 and has been bent so that exten­
sions of the reflecting planes intersect on the circle at a 
point 0 diametrically opposite the crystal as shown in Figure 1. 
Referring to Figure 1, one can see that all gamma rays from 
the source at S on the focal circle will strike the crystal 
planes at the same angle G since the arc OS is the same for all 
of the reflecting planes. Thus the angles of incidence and 
reflection will be the same at all of the reflecting planes. 
Since the boundary surface of the crystal coincides with the 
focal circle, Bragg's law will be satisfied at all points on 
the surface when 0 equals 0g, the Bragg angle. Thus the trans­
mission type bent-crystal spectrometer shown in Figure 1 
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Figure 1. Schematic drawing of the bent-crystal spectrometer 
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is actually a monochromator of variable wavelength giving maxi­
mum counting rates in the detector when the crystal is at 
0 = 0g and the detector is at an angle 20g. It was pointed out 
by Cauchois (6) that if the arc of the focal circle subtended 
by the crystal is small, aberations of focus resulting from 
not profiling the crystal surface to a radius R/2 will be small. 
She also showed that there is an additional focusing effect 
caused by the bending stress on the crystal which results in a 
slightly larger crystal spacing near the outside surface. 
The spectrometer used in the present experiments employs 
flat germanium and quartz laminae which are bent by clamping 
blocks to a two meter radius (R = 2m). The spectrometer is of 
the line source transmission type shown in Figure 1. It will 
be described in more detail in Chapter II. The Cauchois trans­
mission type spectrometer focuses gamma rays from an extended 
source onto a photographic emulsion by exchanging the source 
and detector positions in Figure 1. Longer wavelengths have 
been studied with reflecting (Johansson) spectrometers where 
the crystal planes are bent so that they form concentric circles 
centered at 0. The gamma rays are then focused at V. More 
detailed accounts of the theory and construction of bent-crystal 
spectrometers can be found in articles by DuMond (7) and 
Knowles (8). 
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C. Units and Calibration Standards 
Historically, crystal diffraction measurements of gamma-
ray and x-ray wavelengths have been in terms of Siegbahn x-units. 
Siegbahn (9) introduced the x-unit of length in 1919. By de­
fining the effective grating space of purest calcite at 18°C 
for first order Bragg reflection to be 3029.40 xu, the x-unit 
— 3 ® ~ 1 1 
was intended to be equal to 10 A (10 cm). In practice most 
wavelengths were measured relative to convenient lines on the 
x-unit scale. As measurements became more precise it was found 
that different pure calcite crystals have grating spacings 
differing by more than twenty parts per million. Also the 
wavelengths of "standard" lines such as the Mo and the Cu 
K x-rays were not consistent with each other. 
a 1 
O 
The conversion factor A from xu to A has been determined 
by measuring x-rays with ruled gratings whose spacing has been 
measured optically. Other experiments have determined absolute 
grating constants of crystals from their density, molecular 
weight and Avagadro's number. The constant relating wavelength 
in xu and energy in electron volts has been determined by 
measuring the short-wavelength limit of the continuous x-ray 
spectrum generated when electrons with accurately known kinetic 
energy strike a target. Using a two-crystal spectrometer 
Knowles (10) has directly compared the W x-ray with the 
annihilation radiation = h/(mc) resulting when positrons and 
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electrons annihilate each other and form two photons of equal 
energy and opposite momenta. A spread of eighty parts per 
million between the highest and lowest values of A obtained 
from these experiments led Marion (11) to omit crystal spec­
trometer measurements in his recent compilation of gamma-ray 
calibration energies. In their 1963 least-squares adjustment 
of the fundamental constants and conversion factors Cohen and 
DuMond (12) found the most consistent fits when data involving 
the conversion factor A was omitted. 
Recently Bearden (13) has put over two thousand x-ray 
wavelengths on a consistent scale by reevaluating them relative 
to the wavelength of the W x-ray. He defines the wave­
length of the Cu x-ray to be equal to 1537.400 x-units, 
which is consistent with Siegbahn's original definition of the 
xu. Using this definition to make previous measurements con­
sistent, Bearden obtained the conversion factor A = (1.002056 
O _ 1 
± 0.000005) A-kxu from a weighted average of seven experimental 
values. Using various crystals in a two-crystal spectrometer 
he compared the W wavelength to the Cu and obtained a 
value of 0.2090100 ± 0.0000010 A for the W wavelength. 
All x-rays were then reevaluated on a consistent scale by de-
O 
fining a new x-ray standard by A(WK^^) - 0.2090100 A*, where 
O O 
one A* is equal to one A to within five parts per million. 
Energies in keV were calculated using Cohen•and DuMond's (12) 
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1965 value of VÀ = (12398.10 ± 0.13) x 10 eV-cm for the 
constant relating wavelength and energy. 
In the energy measurements described here, Bearden's values 
of x-ray energies in keV were used to calibrate the spectrom­
eter. The high energy (short wavelength) region was also cali­
brated by measuring in several diffraction orders the energy 
of the 412-keV gamma ray following the beta decay of Au^^® to 
Hg^®®. Graham et (14) used an iron-free double-focusing 
beta spectrometer to obtain a value of 411.795 ± 0.009 keV for 
the energy of this transition. A more detailed account of the 
calibration of the spectrometer for the present experiments is 
given in Appendix A. 
9 
II. EXPERIMENTAL METHODS 
A. Equipment 
The two meter bent-crystal spectrometer used in the present 
experiments is patterned after one constructed by Seppi et al. 
(15) and is of the line source transmission type shown in 
Figure 1. Figure 2 is a line drawing of the spectrometer 
pointing out the main features: the bent crystal, lever arm, 
sine screw, collimator and detector. Gamma-ray energies are 
measured by rotating the bent crystal and determing the dif­
fraction angle at which the counting rate is a maximum. Figure 
3 is a photograph of the spectrometer and the associated elec­
tronics. The source holder and diffraction crystal sit on a 
concrete block one foot thick which is supported by springs and 
rubber stoppers. This arrangement isolates the system from 
vibrations caused by the heavy rotating machinery in the reactor 
basement, by the transfer system, and by motion of the colli­
mator table. The collimator, detector, and two inches of lead 
shielding sit on the collimator table which is placed on a 
second concrete block rigidly attached to the floor. The ex­
perimental equipment is all located in a room in the basement 
of the Ames Laboratory Research Reactor facility. 
Rotation of the crystal is accomplished by the lever arm 
connected from the crystal pivot to the nut traveling on the 
precision screw. Energy measurements are made by recording 
SHiELOEO 
DETECTOR 
COLLIMATOR CURVED CRYSTAL 
CLAMPING BLOCKS 
SINE SCREW 
MECHANISM SHIELDED SOURCE 
LEVER ARM 
DETECTOR CARRIAGE CRYSTAL PIVOT SOURCE TABLE 
Figure 2. Line drawing of the bent-crystal spectrometer 
Source transfer system located at T 
Figure 3. Photograph of the bent-crystal spectrometer and electronics. 
Source holder and transfer system are on the right, not shown 
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the position of the diffraction peaks on each side of the 0=0 
position. The spectrometer is constructed so that distance 
along the precision screw is directly proportional to the sine 
of the angle of rotation of the crystal. The sine screw has 
40 threads per inch and its rotation is measured to 0.001 rev­
olution. The lever arm is approximately 29.3 inches long. Thus 
an increment of 0.001 revolution of the sine screw corresponds 
to a crystal rotation of 0.176 seconds of arc. The screw is 
rotated by a Datex encoderdyne and control unit. It can be 
programmed to turn the screw in increments of 0.002, 0.005, or 
0.010 revolutions or to turn the screw continuously in a slew 
mode. The position of the crystal to the nearest 0.001 screw 
revolution is displayed on a light bank on the Datex control 
unit. 
The collimator is made of 30 lead plates three inches 
high, 18 inches long and 0.040 inches thick. The plates are 
0.040 inches apart near the diffraction crystal and fan out so 
that their center lines would intersect at the source position. 
The purpose of the collimator is to shield the detector from 
the direct and diffusely scattered radiation from the source 
rather than to affect the resolution of the spectrometer. For 
this reason its angular position is not as critical as that of 
the crystal. When the crystal turns through an angle 0, the 
collimator table is rotated 20 by a motor-generator set linked 
to the Datex encoderdyne. The detector consists of a Harshaw 
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Integral Line Assembly Type 12 S with a 3 inch x 3 inch Nal(Tl) 
crystal. The resolution of the Nal(Tl) crystal was 7.5 percent 
for 662-keV gamma rays. 
The diffraction crystals are bent to a two meter radius 
by imprisonment in stainless steel clamping blocks. The energy 
measurements were made using the (400) planes of a single 
crystal of germanium 2.75 inches wide, 3 inches long and 1.4 mm 
thick. The (310) planes of a quartz crystal 2.75 inches wide, 
3 inches long and 2.0 mm thick were used for some of the rela­
tive intensity measurements in the study of the decay of Eu'^®. 
A comparison of different crystals as well as a description of 
the techniques employed to bend two quartz crystals can be 
found in Appendix B. 
The source material was contained in quartz capillary tubes 
approximately one inch long and 0.005 to 0.020 inches in diam­
eter. All activities studied were produced by thermal neutron 
capture in a reactor. The amount of source material used 
depended on the cross section for the desired activity, half-
life of the activity and specific activity of the transitions 
being studied. Since the width of the diffraction peaks was 
determined by the source width, the choice of source diameter 
often involved compromising resolution for counting rate. In 
the study of ^ rectangular source was used. 
The line source is positioned on the focal circle of the 
spectrometer by a rabbit system consisting of a pneumatic tube 
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from the reactor, a rabbit containing the line source, a trans­
fer system to orient the rabbit, and a receiver to position 
the rabbit accurately. The design of the rabbit and receiver 
has been discussed in detail by Boasso (16) . The source is 
clamped in a V grove in the nose cone of the rabbit as shown 
in Figure 4. The rabbits are 5 inches long and 2 inches in 
diameter. For short-lived activities the source was irradiated 
in a rabbit with a nose cone and body made of beryllium. 
Beryllium was used because of its small cross section for neu­
tron capture (0.009 barns) and the long half-life of the re­
sulting activity (2.5 x 10® years), which produces no gamma 
rays. The outer sleeve and end cap of the rabbit were origi­
nally made of lexan, a polycarbonate plastic with very high 
impact strength. However, after several thirty-minute irra­
diations the radiation damage was so severe that the sleeve 
broke. Thereafter the sleeves and end caps were made of poly­
ethylene. A mylar window in the front of the rabbit protected 
against contamination from broken sources. The tapered nose 
cone of the rabbit was hand lapped to fit in the steel receiver 
as shown in Figure 5. A key in the receiver fits into the slot 
in the rabbit nose cone to provide the final vertical alignment. 
Figure 6 is a photograph of the transfer system. The 
rabbit comes down the pneumatic tube from the reactor and is 
stopped by a plunger which rotates it until a spring-loaded 
key falls into the slot in the sleeve of the rabbit. After 
Figure 4. Drawing of the beryllium rabbit 
Figure 5. Drawing of the source holder and transfer system 
Figure 6. Photograph of the transfer system 
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this initial vertical alignment of the source, the transfer 
system moves the rabbit horizontally until it is directly behind 
the receiver. The rabbit is then inserted into the receiver by 
a vacuum system. Each step of the process is controlled by 
limit switches and is completely automatic. Transit time from 
inside the reactor to the receiver is 12 to 15 seconds, de­
pending on the initial orientation of the rabbit. After the 
data has been taken the rabbit can be withdrawn from the re­
ceiver and reinserted in the reactor. The thermal flux at the 
end of the pneumatic tube is 9 x 10neutrons/ cm^/ sec. 
Irradiation times were as long as 30 minutes. 
Long-lived activities were studied by irradiating the line 
source and then loading it into a steel rabbit which was then 
inserted into the receiver. Sources from 0.1 Curies to several 
Curies in strength were used. The steel rabbit was constructed 
so that these sources could be loaded with manipulators in a 
hot cell. 
A block diagram of the electronic components is shown in 
Figure 7. The same equipment was used by Nelson (17). Pulses 
from the detector assembly were fed into a RIDL Model 10-17 
transistorized preamplifier, then into a RIDL Model 30-19 linear 
amplifier and then into a RIDL Model 33-10 single channel 
analyzer. The single channel analyzer was used to select the 
energy region of interest. The pulses were then stored in a 
RIDL Model 34-12 B 400 channel analyzer. The memory of the 
PRE-AMP— 
PHOTOTUBE 
Nal 
CRYSTAL 
COLLIMATOR 
ENCODER 
DIFFRACTION 
CRYSTAL ARM SCREW 
HV 
TIMER SCALER 
COUNT 
RATE 
METER 
LINEAR 
AMPLIFIER 
CONTROL 
UNIT 
TIME BASE 
GENERATOR 
PUNCH PAPER 
TAPE 
400 CHANNEL 
ANALYZER 
SINGLE CHANNEL 
ANALYZER 
• SOURCE 
Figure 7. Block diagram of the bent-crystal spectrometer 
and associated equipment 
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analyzer could be read out on an IBM typewriter or onto Tally 
punch paper tape. The paper tape was converted to IBM cards 
for computer analysis. When stepping over a diffraction peak 
in the multiscale mode a modified RIDL Model 54-6 time base 
generator selected the counting interval at each screw position 
and signaled the Datex control unit to advance the screw after 
each counting period. A Fluke Model 504B high voltage power 
supply provided the high voltage for the photomultiplier. All 
components were connected to a Stabiline regulated power supply. 
B. Measurement of Gamma-Ray Energies 
Since energy measurements are made to an accuracy of a few 
parts in 10^, a rather detailed description of the experimental 
procedure will be given. As mentioned previously, energy 
measurements are made by determining the diffraction angle which 
corresponds to the maximum counting rate in the Nal(Tl) detec­
tor. The bent-crystal rotates approximately 0.176 seconds of 
arc when the spectrometer screw is turned 0.001 revolution. 
The spectrometer is constructed so that the number of revolu­
tions of the screw is directly proportional to the sine of the 
diffraction angle. Bragg's law becomes 
nX = 2d sin 0^ 
= A' x/2 
where A' is a proportionality constant and x is the number of 
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screw revolutions between the diffraction peaks on each side of 
the 0=0 position. The dimensions of the spectrometer are such 
that one revolution of the sine screw corresponds to a change in 
wavelength of two x-units when a quartz (310) crystal is used. 
The energy-wavelength relationship 
E = hv 
= h c/À 
combined with Bragg's law gives 
E = nA/x, Equation 1 
where n is the diffraction order and A is the calibration 
constant in units of keV-revolutions. 
The lattice spacing for the (310) planes of quartz is ap-
O 
proximately 1.18 A and the spectrometer calibration constant is 
about 1.236 x lO"^ keV-rev. For the germanium (400) crystal the 
O 
lattice spacing is approximately 1.41 A and the calibration 
constant is roughly 1.0 31 x 10** keV-rev, which means the first 
order diffraction peaks for a 100-keV gamma ray are separated 
by about 103 screw revolutions. The actual value of A used in 
a given set of energy measurements was determined by measuring 
known energies. For the short-lived and Sm^^^ decays the 
spectrometer was calibrated by measuring the 412-keV gamma ray 
following the decay of Au^^®. For longer-lived activities, 
Bearden's (13) x-ray energies were used. 
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In using Equation 1 two corrections were applied, both of 
which are discussed in detail in Appendix A. A correction 
curve for nonlinearity of the spectrometer screw was obtained 
by calibrating the screw with gauge blocks and Moiré fringes. 
This correction to the distance between diffraction peaks was 
never greater than 0.025 screw revolutions. An error of ± 0.004 
screw revolutions was assigned to the distance between the dif­
fraction peaks on each side of zero-angle position to account 
for any errors in the correction curve and any non-
reproducibility in the spectrometer settings. In order to ob­
tain the same value of E for different orders of diffraction, 
it was necessary to set the calibration constant A equal to 
A^ + Bx where B is a small correction obtained from a weighted 
least-squares fit to ten calibration points. This correction 
influences energy values by less than 0.0 3 percent. Except 
for the short-lived i^^s Sm^®® decays, the calibration 
"constant" A was determined by measuring x-rays from the 
source being studied. The values of A at other values of x 
were obtained from the curve A = A + Bx multiplied by a con-
o 
stant to give the measured A at the x-ray energies. The total 
error in A (see Appendix A) was usually around three parts in 
10%. 
Data was taken in the following manner. Search runs were 
made to determine the approximate location of the diffraction 
peaks. For each peak the single channel analyzer was set on 
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the photopeak of the response from the Nal(Tl) detector. The 
Datex control unit was used to step the spectrometer screw in 
small increments (0.005 or 0.010 revolution) over the diffraction 
peak. After each step the pulses from the single channel ana­
lyzer were stored in one channel of the 400 channel analyzer. 
Counting periods of 2 to 800 seconds were used. After the pre­
set counting period the time base generator would signal the 
control unit to turn the screw another increment and the subse­
quent counts were stored in the next channel of the 400 channel 
analyzer. The screw position at the beginning and end of the 
stepping period was recorded and the stepping process was 
usually monitored by watching the light bank on the control 
unit. Usually 40 to 80 steps were taken over the peak. Several 
steps of background were recorded on each side of the peak. 
All peaks were approached in the same direction to avoid error 
due to backlash. Diffraction peaks on both sides of the direct 
beam (0 = 0) were recorded. _ For all of the short-lived activ­
ities peaks on both sides of 0 = 0 were recorded after each 
irradiation. Thus any shift in the 0=0 position due to 
source repositioning errors did not affect the energy measure­
ments. At least three sets of data were taken for each energy 
measurement. Whenever possible second and third order lines 
were measured. During each series of measurements the tem­
perature was kept constant to within 1.5°C. 
The data was analyzed on an IBM 360-65 computer in the 
following manner. The data was corrected for source decay when 
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necessary and a straight line background was subtracted. A 
Gaussian curve was then fit to the peak by a nonlinear least-
squares program which adjusted the height, width and center 
position of the Gaussian. The distance between diffraction 
peaks was taken to be the distance between the centers of the 
Gaussians. Figure 8 shows a pair of diffraction peaks for the 
141-keV transition following the beta-decay of to Eu^^®. 
has a half-life of 22 minutes. The counting time at each 
spectrometer setting was 50 seconds. The upper plots show the 
original data for the first order diffraction peaks. The 
lower two plots show the data after it was corrected for source 
decay and a straight line background had been subtracted. The 
solid line is the Gaussian fit to the data. 
Errors in the energy values were calculated by combining 
quadratically the error in the calibration constant, the error 
of ± 0.004 revolutions in the distance between diffraction 
peaks on each side of the 0=0 position and the root-mean-
square deviation from the average value of the distance between 
the diffraction peaks. The errors quoted with the experimental 
results are the standard deviations in the measured values. 
Appendix A describes error determination in more detail. 
C. Resolution of the Bent-Crystal Spectrometer 
The shape of the diffraction peaks obtained with a bent-
crystal spectrometer is the result of a fold of profiles due 
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to the source size and shape, the crystal diffraction pattern 
and the natural shape of the line being measured. The angular 
width w of the diffraction peak is approximately 
w - (Wg + . 
Wg is the angle subtended at the crystal by the width of the 
source on the focal circle. A 0.010 inch wide source subtends 
26 seconds of arc at the bent crystal. The 1.4 mm germanium 
(400) crystal has a diffraction line breadth w^ of roughly two 
seconds of arc while the best quartz (310) crystal has a line 
breadth of thirteen seconds of arc. The average natural line 
width w^ of gamma rays (~10 ^eV) is too small to be detected 
by the bent-crystal spectrometer. X-rays, on the other hand, 
have resonance shapes with widths of the order of electron 
volts. For example, the tungsten x-ray has an energy of 
59.318-keV and a width of 43-eV (11 seconds of arc = 0.063 
screw revolution). Figure 9 is a superposition of an x-ray 
and a gamma-ray diffraction peak from the same 0.012 inch diam­
eter Eu^ss source of Gd x-rays. Even with this relatively wide 
source, the difference in the shapes of the two diffraction 
peaks is very apparent. 
For a given diffraction crystal and source the angular 
width w of the diffraction peaks is essentially constant. Thus 
differentiating Equation 1: 
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AE = -nAAx/x^ 
= -E^Ax/nA 
œ wE^/n. Equation 2 
Thus the resolution of the bent-crystal spectrometer is pro­
portional to the energy of the gamma ray being measured, i.e., 
AE/E « E/n . Equation 3 
Using a 0.005 inch diameter source and the Ge (400) crystal the 
- 5 
present spectrometer has resolution AE/E=1.3 x 10 E/n where E 
is in keV. 
Figure 10 is a plot of line width vs gamma-ray energy with 
a 0.005 inch source for first and third order diffraction with 
the germanium crystal and first order diffraction with a quartz 
(310) crystal. The dashed extensions correspond to diffraction 
angles too large for the present instrument. For comparison 
the line width of a Ge(Li) detector is also shown. The curve 
labeled "Ge(Li) Diode (Theoretical Limit)" is the theoretical 
line width determined by the statistics of charge collection. 
In practice the line width is increased by the preamplifier 
noise. The curve labeled "Ge(Li) + Preamp" represents the ap­
proximate state of the art at present. These two curves were 
obtained from Jewel et (18). It is seen that below 300 keV 
the bent-crystal spectrometer has better resolution, even in 
first order diffraction. Thus bent-crystal spectrometers can 
10 
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supplement the capability of Ge(Li) detectors whenever sources 
of sufficient strength can be made. Because of the low effi­
ciency of diffraction crystals and the small solid angle sub­
tended source strengths of the order of tenths of Curies or 
greater are needed. Ge(Li) detectors can study microcuries of 
activity. 
Even when the line widths are comparable, the bent crystal 
spectrometer can make more precise energy measurements than 
the Ge(Li) detectors. The precision of Ge(Li) measurements is 
affected by shifts in the gain and zero-energy position in the 
multichannel analyzer and associated electronics. Also, all 
channels in the analyzer are not of exactly the same energy 
width. Although partial corrections can be made for these non-
linearities, they affect final error estimates. Energy measure­
ments with the bent-crystal spectrometer depend only on the 
measurement of the angle between the diffraction peaks on each 
side of the 0=0 position." As long as the source position 
and the temperature remain constant, there are no shifts in the 
energy calibration of the system. Accurate corrections can be 
made for system nonlinearities, such as imperfections in the 
spectrometer screw, which are constant. Thus the error in 
energy measurements with a bent-crystal spectrometer can be as 
small as one percent of the full width at half maximum of the 
diffraction peaks. 
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As an additional comparison of the bent-crystal spectrom­
eter and the Ge(Li) system, Figure 11 shows a Eu^^® spectrum 
taken with a Ge(Li) detector and with the bent-crystal spectrom­
eter. A 0.012 inch diameter source and the germanium (400) 
crystal were used. The Ge(Li) spectrum was taken with a Compton 
suppression spectrometer consisting of-a 23.5 cm^ Ge(Li) detec­
tor surrounded by two 5x3 inch Nal(Tl) crystals. The system 
is operated in an anticoincidence mode so that any gamma rays 
scattered out of the Ge(Li) and into the Nal(Tl) are not counted. 
This system was kindly furnished by Dr. A. B. Tucker and is 
described in detail by Taff (19). The broad peaks labeled A 
and B are Compton edges. They correspond to cases where the 
incident gamma rays are Compton scattered through 180° by the 
electrons in the Ge(Li). The bent-crystal spectrum was obtained 
with a Eu^ss source produced by double neutron capture in 
The strong 123- and 248-keV Eu^®** gamma rays are not shown here. 
The resolution is indicated by the line widths above 60-keV. 
Below 60-keV the actual diffraction lines are narrower than 
shown. Both spectra are shown with the same linear energy 
scale. Comparative scales in terms of screw revolutions, 
jc-units and Bragg angles are also given for the bent germanium 
crystal. 
Figure 12 demonstrates the resolution of the bent-crystal 
spectrometer. The top set of data was obtained using a 2 mm 
quartz crystal and a 0.016 inch diameter source of 9.3 hour 
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The Sm Kg ^ and Kg ^ x-rays are well resolved even though 
they differ in energy by only 0.124 keV. The lower plot shows 
the resolution of the second-order diffraction peaks of the 
86.54- and 86.06-keV transitions in Gd^®^. The resolution of 
these two lines made it possible to measure the energy and 
relative intensity of the weak 86.06-keV transition. 
Precise measurements of gamma-ray energies can also be 
made with double crystal spectrometers and with magnetic spec­
trometers. These instruments will be mentioned briefly. 
The most precise method of measuring low energy gamma-ray 
and x-ray energies is with double crystal spectrometers. In 
these instruments two flat crystals are used. The first crystal 
acts as a monochromator for the second. High resolution is 
gained at the expense of transmission efficiency. Bearden (13) 
has used double crystal spectrometers to compare x-ray wave­
lengths to within tenths of eV (a few parts in 10®). Knowles 
used a double crystal spectrometer to measure the wavelength 
of annihilation radiation (511-keV) relative to the W K x-ray 
ai 
with an uncertainty of 31 parts in 10® (12). 
Magnetic spectrometers can also measure transition energies 
to high precision by measuring the momenta of electrons re­
sulting from internal and external conversion processes. In 
the external conversion process gamma rays strike a converter, 
a substance with a high atomic number, which is mounted in the 
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source position of the spectrometer. Photoelectrons are 
ejected from the atomic shells in the converter with energies 
E = E - E, . J • 
e Y binding 
In internal conversion the nuclear transition energy is trans­
ferred to an orbital electron by a direct interaction between 
the electron and the excited nucleus. Precise energy measure­
ments require a detailed analysis of line shapes and the prep­
aration of thin sources to reduce line width. Energy measure­
ments have been made with accuracies of 1 to 4 parts in 10® 
(11, 14). 
D. Measurement of Gamma-Ray Relative Intensities 
Gamma-ray relative intensities have been measured to high 
accuracy by using photoelectric conversion in magnetic beta-ray 
spectrometers, crystal diffraction, and least-squares pulse-
height analysis of scintillation and Ge(Li) spectra. In the 
present experiments two methods were used to measure relative 
intensities with the bent-crystal spectrometer: the diffraction 
peak-height method and a least-squares scintillation method 
developed by Brown and Hatch (20,21). 
1. Diffraction peak-height method 
The counting rate at the Bragg angle is proportional to 
the intensity of the diffracted gamma ray and the reflectivity 
of the diffraction crystal. In the diffraction peak-height 
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method gamma-ray relative intensities are determined by mea­
suring the relative heights of the diffraction peaks. Data is 
taken in the same manner as for energy measurements: the 
spectrometer is stepped through the Bragg angle and the number 
of counts in a fixed time interval is recorded after each step. 
A straight line background is subtracted and the peak height is 
determined. 
The diffraction peak-height method has been used by Lind 
et al. (22), Edwards and Boehm (23) and others to determine 
gamma-ray relative intensities with uncertainties of five per­
cent. This method can utilize the resolution of the bent-
crystal spectrometer to measure the relative intensities of 
weak lines and was used here to study weak transitions in Gd^^®. 
Following Knowles (8), for a bent-crystal spectrometer 
C(n/47r) (R^^Vw) e'^i^i Equation 4 
where is the peak counting rate at energy Eis the 
number of gamma rays of energy emitted per unit time, C is 
the collimator efficiency, Q/4-n is the fractional solid angle, 
subtended at the source by the crystal, is the crystal 
reflecting power in radians, w is the diffraction line width in 
radians (- angle subtended at the crystal by the source width), 
is the efficiency of the detector and e ^i'^i is the fraction 
of gamma rays not absorbed before reaching the detector. De­
tector efficiencies have been calculated by Nelson and Hatch 
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(17). Absorption corrections are made for absorption in the 
capillary walls, air path between source and detector, alumi­
num cover of the Nal (Tl) detector, diffraction crystal and 
source material. The source absorption correction has the form 
(Edwards (24)) 
j(i)/j(i) = 1 _ 0.849W + O.SOOW^ - 0.226W^ + 0.083%* 
s 
- 0.032W^ + O.OlllW® - 0.00163#? + ... , 
Equation 5 
where is the beam intensity as it emerges from the surface 
of the source, is the intensity if absorption were not 
present, p is the density of the absorbing material, is the 
mass absorption coefficient for the source material, a is the 
source radius, and W = y^pa. Thus for two gamma rays from the 
same source Equations 4 and 5 give 
^(1) e"^2'^2(l - 0.849#^ + 0.500%= - ... ) Eg 
e~^i^i(l - 0.849#! + 0.500%= - . 
Equation 6 
The chief sources of error in this method are the uncertainties 
in the crystal reflectivity and the absorption in the source. 
In order to obtain the relative intensities of x-rays with this 
method a correction must be applied to account for the natural 
shape and width of the x-ray lines. 
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The relative intensities of the gamma rays and the 
three most intense gamma rays following the decay of were 
measured by the diffraction peak-height method with germanium 
and quartz crystals. The relative intensities measured by 
Nelson and Hatch (17) for these transitions were used to obtain 
a curve of the relative value of the reflectivity as a func­
tion of gamma-energy. Within experimental errors the reflec­
tivity of the 2 mm thick quartz (310) crystal is proportional 
— 2 
to E for gamma-ray energies above 60-keV, in agreement with 
the findings of Edwards (24) and Lind et al. (22). The reflec­
tivity of the germanium crystal goes more like E ^ but does not 
follow a simple power law. A more detailed discussion of 
crystal reflectivity, as well as a graph of reflectivity as a 
function of energy, is found in Appendix B. 
2. Least-squares scintillation method 
When a Nal(Tl) scintillation crystal is exposed to a mono-
energetic beam of gamma rays the resulting pulse-height spectrum 
reflects the manner in which the ganmia rays lose energy inside 
the crystal. If a radioactive source emits gamma rays of 
several different energies, the composite Nal(Tl) spectrum will 
be a linear combination of these monoenergetic response func­
tions. The least-squares scintillation method used in the 
present experiments was developed by Brown and Hatch (20). 
Nelson and Hatch (17) have used this method to measure gamma-
ray relative intensities with uncertainties of three percent, 
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They also give a detailed description of the experimental 
method as well as a derivation of the mathematics of the linear 
least-squares procedure. Basically this method of pulse-height 
analysis involves using the bent-crystal spectrometer as a 
monochromator to obtain the response functions of the Nal(Tl) 
detector to monoenergetic gamma rays. A linear least-squares 
computer program then determines the relative intensities of 
the monoenergetic response functions which give the best fit to 
the composite gamma-ray spectrum. The composite spectrum is 
made from a thin source placed on the focal circle of the 
spectrometer with the diffraction crystal removed. Only small 
corrections have to be made for detector efficiency, absorption 
in the air path and absorption in the aluminum cover of the 
Nal(Tl) crystal. 
Briefly, the least-squares method calculates the relative 
intensities in the following manner. The number of counts B^ 
in the peak of the monoenergetic response function of gamma 
rays of energy is related to the intensity of the gamma 
ray by 
0 • B. = I.t ~ e e.P. , Equation 7 1 1 47r 11 ^ 
where is the number of gamma rays of energy E^ emitted per 
unit time, t is the counting time, is the detector effi­
ciency, is the solid angle subtended by the detector, 
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e is the fraction of gamma rays not absorbed before 
reaching the detector, and is the ratio of the number of 
counts in the peak to the total number of counts in the response 
function. Thus the relative intensity ratio of two gamma rays 
can be written as 
-y^d^ 
^ . Equation 8 
I. B.e ] ^E.P. 
"^i i I. B .e 
3 3 11 
the number of counts in channel i of the composite 
pulse-height spectrum of N gamma rays, can be written 
N 
I j=l 
R. = T B.a..+x. Equation 9 
1 ] 1] 1 
where is the independent random error in channel i due to 
statistical fluctuations in R.. B. is the intensity of the jth 
13
gamma ray and a^^ is the number of counts in the ith channel of 
the normalized response function corresponding to gamma-ray 
energy E^. It is assumed that the monoenergetic response 
functions are known without error. Equation 9 can be written 
as 
N 
X. = R 
^ ] i - 'i'ij • 
The probability P^ that the error x^ will lie between Xj^ and 
x^ + dx^ is given by 
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= 
/2ïïa?(R^) 
-1/2 (xVo. (R.))" 
e  1 1 1  dx. 
where a^(R^) is the standard deviation in R^. 
Since the errors in each channel are independent, the 
probability P that a composite spectrum of C channels will have 
errors such that is between x^ and x^ + dx^, x is between 
Xg and x^ + dx^, ... and x^ is between x^ and x^ + dx^ is 
-I l/2(x./a.(Rj^)) 
P = . n, P. = e 
1=1 1 
c 
- I 1/2 
i=l 
= e 
i=l 
iSl dx^//2Tro?(Rj^) 
N 
L a^(R.) dx. 
iSi 
/2iTa? (R^) 
Equation 10 
The principle of maximum likelihood asserts that the correct 
values of the B.'s are those which maximize P. Since the dx. 
J 1 
are arbitrary this occurs when the Ey's are such that the 
weighted sum of the squares of the errors 
C 
I 1/2 
i=l 
R 
N 
i ' ill 
a^{R^) 
is a minimum. Setting the derivative with respect to equal 
to zero gives a set of N normal equations 
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c (-2) (Ri - ? ^mV^lk 
0 = l Sri 
1=1 2a?(R^) 
C C N 
y a. 1 w. R. - y a,,w. Y a. B Equation 11 
= i^i 1 1 ik 1 im m 
where the weights w. = — . In matrix notation the N ' 
normal equations become 
(a\A)B = A^WR 
T 
where a^^^ = au^. This matrix equation can be solved for B to 
give 
B = (a'^WA)~ a^'^WR Equation 12 
T for A WA nonsingular. B is a column vector with N rows, R is 
a column vector with C rows, A is a CxN matrix and W is a CxC 
diagonal matrix with the weights on the diagonal. The relative 
intensities are found by substituting the values of the B^'s 
from Equation 12 back into Equation 8. 
Nelson and Hatch (17) give a derivation of the equation 
used as a figure of merit of the least-squares fit and also 
derive the standard deviations of the EL's. The squares of the 
standard deviations of the gamma-ray relative intensities due 
to the statistics of the least-squares fit are obtained by 
T -1 
multiplying the diagonal elements of the matrix (A WA) by 
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S^. the figure of merit, is defined as 
C ^ ^ 
J ,  - iL 
s' = Izi . 
C - N 
This statistical error is combined quadratically with the errors 
due to the absorption and efficiency corrections to give the 
standard deviations in the relative intensities. 
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III. EXPERIMENTAL RESULTS AND DISCUSSION 
A. Energy Measurements with Short-Lived Activities 
1. Gamma rays following the beta decay of Sm^^s to Eu^ ^ ^  
The three strongest gamma transitions following the 22 
minute beta decay of Sm'®® to Eu^^^ were studied with the bent-
crystal spectrometer. The relative intensities of these gamma 
rays were measured by Nelson and Hatch (17). Figure 13 shows 
a Nal(Tl) spectrum from a Sm^®® source as well as a partial 
decay scheme displaying the transitions investigated here. 
Other weakly fed levels from 79- to 1302-keV have been investi­
gated recently by Funke, Graber, Kaun, Sodan and Frana (25), 
by Agin, Mandeville and Potnis (26) and by Widemann and Sebille 
( 2 7 ) .  
The gamma-ray energies were measured in the following man­
ner. The line source was a one inch quartz capillary with an 
inside diameter of 0.020 inches containing 22 mg of Sm^O^en-
riched to 99.2% in Sm^®"*. Since the half-life of Sm^^s ig 22 
minutes, the line source was mounted in a beryllium rabbit and 
irradiated for 22 minute intervals. After each irradiation the 
rabbit was pneumatically inserted in the receiver on the focal 
circle of the spectrometer and data was taken for four or five 
half-lives before reirradiating. Two diffraction peaks for 
the 141-keV gamma ray were shown in Figure 8. The weak feeding 
of the 246-keV level and a cross section of only 5 barns for 
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neutron capture in made it impossible to measure the 141-
and 246-keV transitions except in first order diffraction. Two 
sets of data were taken for the 141-keV gamma ray and three sets 
for the 246-keV gamma ray. The energy of the 104-keV transition 
was determined from nine sets of first order measurements and 
two sets of second order measurements. The calibration constant 
for the germanium (400) crystal was obtained from three sets of 
measurements of the first six diffraction orders of the 411.79 5 
±0.009-keV gamma ray following the beta decay of Au^®® to 
Hgi**. 
Table 1. Eu^ss gamma-ray energies, in keV, following the decay 
o f  
Present Hardell and Widemann Relative 
results Nilsson^ and Sebille" Intensity^ 
104.32010.005 104.3510.02 104.35±0.03 2000±90 
141.41110.011 141.37+0.04 56+5 
245.727+0.050 245.5+0.2 10016 
^Source: (29). 
^Source: (27). 
"^Source: (17). 
The experimental results are displayed in Table 1 along 
with the most accurate previously reported values. The sum of 
the two low energy gamma rays is 245.73110.012 keV, in excellent 
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agreement with the measured value of 245.727±0.050 keV for the 
cross-over transition. The measurement by Hardell and Nilsson 
(29) was made with a bent-crystal spectrometer. Widemann and 
Sebille (27) measured internal conversion electrons with a 
magnetic spectrometer. Nelson and Hatch's (17) relative inten­
sities are given for completeness. 
In addition, the half-life of the Sm^^^ activity was mea­
sured in the following way. The multichannel analyzer was used 
in the multiscale mode in conjunction with the time base gener­
ator to, follow the decay of the strong 104-keV gamma ray. The 
spectrometer was set on the first order diffraction peak. By 
using the spectrometer as a monochromator the background counting 
rate was greatly reduced. A least-squares fit gave a half-life 
of 22.0±0.2 minutes, in good agreement with the value of 21.9 
±0.2 minutes obtained by Sund, Arns and Wiedenbeck (30). 
2. Gamma rays following the decay of isomeric states in Eu^ ^ ^  
Nuclei with atomic numbers between about 150 and 190 are 
characterized by deformed equilibrium shapes. For such nuclei 
the nuclear wave function can be written as a product of three 
terms: an intrinsic wave function describing the motions of 
the nucléons in a deformed potential, a term describing col­
lective vibrations, and a collective part describing the rota­
tion of the system of nucléons as a whole. The spectrum of 
energy levels is described by sequences of collective rotational 
and vibrational levels built upon various intrinsic excitations. 
48 
0.0397 E3 
,0.0183 Ml +0.1% E2 
0.1478 96 MIN 
GAMMA TRANSITIONS FROM 
HIGHER LEVELS NOT SHOWN 
22% 
19 ADDITIONAL o.3%, 
LEVELS TO (.681 MEV/ 
0.1081 
1 008550 
(0-) 0.05 
3" 
w 
0 V 
9.3 HR 
15% 6 ADDITIONAL 
LEVELS TO 1.642 MEV 
16 7% 
0.7556 
0.09°/. 
0 0.6850 0.6153 
0 006 
.2 2% 
0015 
0 004 
12178 
B'0 007'A 
0 34424 
25.0 MIN 
128 
EC,/3 
'-0 3 % 
0.743 
0' 0.003% 
(0*1 
1.018 
0 969 
1 2 8  
Figure 14. Decay schemes of Eu^^^ and 
(31, pp. 306 and 272) 
49 
In deformed even-even nuclei (even N, even Z) one finds the 
ground state spin and parity to be 0^ and a sequence of rota­
tional levels with spin and parity 2^/ 4"*", 6^, and often higher. 
The energies of these levels closely approximate the energies 
of ah axially symmetric quantum mechanical rotor, i.e., 
-K 2 
El = ^  1(1+1), Equation 13 
where is the moment of inertia, 'h is Planck's constant divided 
by 2IT and I is the spin of the nuclear level. One can see from 
Equation 13 that for large nuclear deformation the correspond­
ingly larger moment of inertia causes the level spacing to be 
reduced. 
The nuclear properties of Eu^^z are of interest because it 
is an odd-odd nucleus on the edge of the deformed region. 
Referring to the decay scheme shown in Figure 14 one sees that 
Eu^^^ is flanked by two even-even isobars with different nuclear 
shapes. is strongly deformed and exhibits a sequence of 
rotational levels while Gd^^^ is a spherical nucleus. The 
decay of the 96 minute isomeric state of Eu^®^ has been studied 
by Takahashi, McKeown and Scharff-Goldhaber (32) and by Kirkby 
and Kavanagh (33). 
The 96 minute Eu^^^ isomeric state was produced by irradi­
ating 5.5 mg of Eu^O^ powder enriched to 78.7% in Eu^®^ for 
thirty minute periods in the Ames Laboratory research reactor. 
The line source was a sealed quartz capillary 1.13 inches long 
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with an inside diameter of 0.016 inches and was placed inside 
a beryllium rabbit. The width of the diffraction peaks was ap­
proximately 0.23 screw revolutions which corresponds to about 
0.36 keV at 90 keV. The 90-keV transition in Eu^^^ was measured 
in first and second diffraction orders. The 39.7-keV E3 tran­
sition is too highly converted to be seen. The 122-keV level 
in Sm^^^ is populated by transitions from higher levels fed by 
the electron-capture decay of the 9.3 hour isomeric state of 
Eu^s^. The 122-keV gamma rays were measured in second and third 
diffraction orders. The spectrometer was calibrated with the 
Sm x-ray. Table 2 shows the experimental results along 
with the most accurate previous measurements. Schult (34) 
measured 140 capture gamma rays from Eu^®^ (n,Y) with a 4.65 
meter bent-crystal spectrometer. Marklund and Lindstrom (35) 
used a two meter bent-crystal spectrometer. The excellent agree­
ment with these previous measurements indicates the validity of 
the procedure used in the present experiments to measure gamma-
ray energies. 
At energies below the pair-creation threshold an excited 
nucleus can make a transition to a lower energy level by 
emission of a gamma ray or by internal conversion. In the 
internal conversion process the nucleus loses energy by ejecting 
one of the orbital electrons from the atom with an energy E 
given by 
E = E * - E - E 
N N binding 
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Table 2. Gamma-ray energies, in keV, following the decay of 
isomeric states in Eu 15 2 
Present result 89.847±0.006 
Schult (34) 89 .8505+0 .0020  
Takahashi et (32) 89.83±0.15 
Present result 121.775+0.005 
Marklund and Lindstrom (35) 121. 779±0.006 
where E * - E is the energy difference between the initial and 
N N 
final nuclear states and is the atomic binding energy 
of the electron. The internal conversion coefficient for a 
given electron shell x (x = K, L, M, ...) is defined as the 
ratio of N^, the number of conversion electrons emitted from 
the X shell per unit time, and N^, the number of gamma rays of 
energy E * - E emitted per unit time, 
N N 
Ng 
a = — Equation 14 
The vacancy in the electron shell is filled by an electron from 
an outer shell. The difference in binding energies is carried 
off by the emission of an x-ray or by the emission of a second 
electron called an Auger electron. The importance of internal 
conversion coefficients will be discussed in Section C in con­
junction with the decay of Yb^'^. 
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An attempt was made to measure the K internal conversion 
coefficient of the 90-keV transition following the decay of 
the 96 minute isomeric state in Eu^^^. This conversion coef­
ficient has been measured to be 0.27 ± 0.04 by Kirkby and 
Kavanagh (33) and 0.30 ± 0.05 by Takahashi et a^. (32). Hager 
and Seltzer (36) give a theoretical value of 0.32 for an El 
transition. Since the binding energy for the K shell is 48.5 
keV this is the only transition in Eu^®^ that can take place 
by K conversion. The K conversion coefficient can be found 
from 
*K = aZG- Equation 15 
K Y 
where is the number of Eu K x-rays emitted per unit time and 
is the probability that emission of K x-rays follow the 
filling of a vacancy in the K shell. The values of the 
fluorescent yield for the K shell, have been tabulated by 
Wapstra et (37). Therefore, this internal conversion coef­
ficient could be determined from the measured relative inten­
sities of the 90-keV gamma rays and the K x-rays and the known 
fluorescent yield. 
The least-squares scintillation method was used to try to 
determine the x-ray and gamma-ray relative intensities. The 
crystal reflectivity was not accurately known below 60-keV so 
the diffraction peak-height method could not be used. The thin 
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source was made by irradiating approximately 0.1 mg of enriched 
Eu^Og in alcohol solution. The irradiated solution was deposited 
on a strip of aluminized mylar 0.00025 inches thick and 0.2 cm 
X 3 cm. A composite pulse-height spectrum was recorded immedi­
ately and a few hours later another spectrum containing only 
the 9.3 hour and 12.4 year activities was recorded. The neutron 
capture cross sections of Eu^^i for production of the 96 minute, 
9.3 hour and 12.4 year activities are 30, 2800 and 5900 barns, 
respectively. Thus even for short irradiation periods more 
than 10 times as much long-lived activity as 9 6 minute activity 
is produced. The two long-lived activities include electron 
capture and internal conversion processes which produce Sm and 
Gd x-rays. The response functions for the 90-keV gamma ray and 
the Eu x-rays were obtained with the line source used for the 
energy measurements. Using the relative x-ray intensities given 
by Wapstra et al. (37), the Eu K f . and K„ mono-
— — ai a 2 P1&3 p2 
energetic response functions were combined into a single x-ray 
response function. The least-squares computer program attempted 
to fit the composite pulse-height spectrum with three response 
functions: a spectrum due to the 9.3 hour and 12.4 year activ­
ities, the 90-keV monoenergetic response function, and a re­
sponse function representing the Eu K x-rays. No consistent 
results were obtained for the relative intensities of the Eu K 
x-rays. The Eu K x-rays are between the Sm and Gd K x-rays in 
energy. Sm x-rays are produced following vacancies in the 
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electron shells resulting from electron capture or internal 
conversion. Gd x-rays follow internal conversion of the tran­
sitions in Gd^^^. The small contribution of the Eu K x-rays 
to the large x-ray peak in the composite spectrum could not be 
resolved by the computer. Takashashi ^  a]^. (32) reduced the 
9.3 hour contribution to the scintillation spectrum by using 
delayed coincidence techniques to record only those gamma rays 
and x-rays following L conversion electrons of the 18.3-keV 
transition. Kirkby and Kavanagh bombarded natural Eu with 30-
MeV protons. The Eu^^^(p,pn)Eu^®^ reaction produced more 96 
minute activity than 9.3 hour activity. 
3. Gamma rays following the decay of I^ ^ ° 
The decay scheme of taken from Lederer et aJ^. (31) is 
shown in Figure 14. Xe^^® is a spherical nucleus. The excited 
states correspond to various vibrational modes. Recently Julian, 
Jha and Johnston (38) reported a level scheme for Xe^^® with 
levels at 443.2 (2"*"), 969.6 (2"*') and 1583.1 keV (0,1, or 2)*. 
Broman and Malmskog (39) propose similar levels but tentatively 
assign a spin and parity of 3 to the upper level. The half-
life of has been measured by Reynolds, Emery and Wyatt 
(40) to be 25.08 ± 0.05 minutes. 
The cross section for neutron capture by I^ ^ ^  is 6.4 barns 
but 85% of the decays are to the ground states of stable 
Xe^^® and Te^^®. The 970-keV level in Xe'^° is fed by less 
than 2% of the I^ ^ ® decays. The measurement of the 443- and 
55 
527-keV gamma rays provided a test of the resolution of the 
bent-crystal spectrometer when a large amount of source mate­
rial is required to obtain sufficient activity. 
The source consisted of 144 mg of (iodine has only 
one stable isotope). The source material was packed into a 
rectangular slot 1.1 inches long, 1/8 inch deep and 0.012 inches 
wide. The slot was milled in a cylindrical piece of lexan 
plastic and a thin strip of lexan was bonded over the slot 
after filling. The source was mounted in the beryllium rabbit 
so that the spectrometer saw a source 0.012 inches wide and 
1.1 inches long. The diffraction peaks were 0.26 screw revolu­
tions (0.53 x-units) wide corresponding to a full width at half 
maximum of 5 keV for second order diffraction of the 443-keV 
gamma rays. Irradiation times were 25 minutes. The 527-keV 
gamma ray was measured in both first and second orders. The 
443-keV gamma ray, which is ten times more intense, was measured 
in three diffraction orders. The spectrometer was calibrated 
with the 412-keV gamma rays from a 0.005 inch diameter gold 
wire source. The 743- and 969-keV gamma rays were detected, 
but were too weak to be measured. Table 3 gives the weighted 
averages of the experimental results as well as two recent 
Ge(Li) measurements for comparison. From these results it can 
be concluded that successful energy measurements can be made 
using this method of source preparation. It is also seen that 
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around 500 keV the bent-crystal spectrometer and Ge(Li) de­
tectors can measure energies with comparable precision. 
Table 3. Gamma-ray energies, in keV, following the beta-decay 
of 
Present results Julian et al. (38) Broman and Malmskog (39) 
442.91 ± 0.07 443.2 ± 0.2 442.5 ± 0.5 
526.62 ± 0.10 526.4 ± 0.2 526.5 ± 0.5 
B. Gamma-Ray Energies 
The level structure of Hf^®° following the decay of the 
5.5 hour isomeric state is shown in Figure 15. The 5 7.5-keV 
transition from the long-lived 8 state at 1142 keV populates 
the 8^ level of the 0^, 2^, 4^, 6^, 8^ ground state rotational 
band. Precise measurements of the gamma-ray relative intensities 
have been made by Nelson and Hatch (17). Edwards and Boehm (23) 
have measured the relative intensities of the gamma rays and 
of the internal conversion electrons. From these measurements 
values of the internal conversion coefficients have been deter­
mined. Because of these precise intensity measurements and its 
5.5 hour half-life, ^ convenient source for cali­
brating the efficiency of semiconductor detectors. Precise 
energy values could also be used for calibrating these detectors. 
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Figure 15. Decay scheme of (31, pg. 350) 
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The measured energies can also be compared with the predictions 
of several nuclear models. 
1. Experimental results 
The energies of the gamma rays following the decay of 
jjfiaom were measured with the bent-crystal spectrometer. Two 
different line sources were used. Both were quartz capillaries 
1.13 inches long containing HfO powder enriched to 87% in 
The first source had an inside diameter of 0.016 inches 
and contained 10.5 mg of material. The second source had an 
inside diameter of 0.0 20 inches and held 30.5 mg of HfO. The 
" "5  5  
energy resolution was AE/E = 4.2 x 10 E and 7.4 x 10 E, re­
spectively, (E in keV) corresponding to full widths at half 
maximum of 0.43 and 0.76 x-units. The cross section for produc­
tion of HfiGom jjy neutron capture in Hf^^* is 0.2 barns. The 
sources were irradiated for ten hour intervals in a flux of 3 
X 10neutrons/cm^/sec and then loaded into the steel rabbit 
and positioned on the focal circle of the spectrometer. By 
using two sources, data could be taken with one source while 
the other one was being irradiated. Each set of measurements 
with each source was calibrated by measuring the Hf x-ray 
and using Bearden's (13) value of 55.7902 ± 0.0009-keV. After 
all of the Ilf data had been taken, the spectrometer calibration 
was checked with the 411.8-keV gamma ray following the decay of 
A.u'9 = . 
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Table 4 gives the gamma-ray energies obtained in the 
present experiment,. For comparison the values obtained by 
Edwards (24) are also given. Edwards used a bent-crystal spec­
trometer with a (310) quartz crystal. The relative intensities 
obtained by Nelson and Hatch (17) are also given. Note that 
the sum (57.549 ± 0.005) + (443.181 ± 0.055) = 500.730 ± 0.055-
keV is in agreement with the measured value of 500.716 ± 0.066-
keV for the energy of the cross-over transition. 
Table 4. gamma-ray energies 
Present Results 
Diffraction Relative 
orders measured Energy (keV) Edwards (24) Intensity (17) 
1 57.549 ± 0.005 57.54 ± 0.01 513 ± 20 
1 93.332 ± 0.006 93.33 ± 0.02 180 ± 5 
1, 2, 3 215.251 ± 0.013 215.25 ± 0.03 865 ± 20 
1, 2, 3 332.307 ± 0.036. 332.5 ± 0.3 1000 ± 25 
1, 2, 3 443.181 ± 0.055 443.8 ± 0.6 904 ± 30 
1, 2 500.714 ± 0.066 136 ± 12 
2. Comparison with various theories 
An accurate comparison of models for even-even deformed 
nuclei can be made only by examining a large number of nuclei 
and comparing predicted trends as well as results for individual 
nuclei. Nevertheless, it is instructive to compare the level 
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energies of Hf^®° with the values predicted by theoretical 
and semiempirical expressions. 
As mentioned previously, the energies of the levels of 
the ground state rotational band closely approximate the ener­
gies of an axially symmetric rotor: 
E(I) = ^  • Equation 13 
^o 
Table 5 gives the experimentally determined energies of the 2^, 
4"*", 6^ and 8^ levels in Hf^®° as well as the energies predicted 
by Equation 13 and six two-parameter expressions. 
Observed spectra show systematic deviations from the simple 
1(1 + 1) dependence. These deviations may be partially ac­
counted for by adding a correction term proportional to 
(I + 1)2; 
E(I) = Aid + 1) - BI^(I + 1)2 . Equation 16 
Moszkowski (41) mentions vibrations about the equilibrium shape 
and rotation-particle coupling as perturbations which tend to 
increase the effective moment of inertia (hence decrease A) 
and also give rise to the second term. The nucleus can vibrate 
along the symmetry axis about the equilibrium deformation (3-
vibrations) and it can vibrate asymmetrically (y- vibrations) 
about its spheroidal equilibrium shape. The values of B calcu­
lated from the hydrodynamic model of Bohr and Mottelson (42) do 
not agree with the values needed to fit experimental spectra. 
Table 5. rotational level energies, in keV 
+ + + + RMS 
Spin and parity 2 4 6 8 deviation (keV) 
Measured 
energy (error) 93.332 (6) 308.583 (14) 640.89 (4) 1084.07 (6) 
AI (I+l) 93.332 311.11 653.32 1119.98 19.0 
AI(I+l) -
BI^(I+l)2 93.12 308 .42  641.19 1083.99 0.20 
Moszkowski (43) 93.33 308.76 641.09 1083.18 0.47 
Sood (44) 93.19 308.49 641.07 1084.02 0.13 
Holmberg and 
Lipas (45) 
Asymmetric 
Rotor 
93.18 
93.332 
308.48 
308 . 75 
641.09 
640.77 
1084.02 
1081.72 
0.14 
1.18 
Rotation-
Vibration 93.332 308.74 640.63 1082.00 1.05 
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The values of A and B used to calculate the energies in Table 
5 were determined by a weighted least-squares fit to the experi­
mental energies. The values obtained were A = 15.562 ± 0.012-
keV and B = 0.00703 ± 0.00010-keV. 
Semiclassically one can think of the centrifugal forces 
stretching the nucleus and increasing the effective moment of 
inertia as the angular momentum of the nucleus increases. 
Moszkowski (43) modified the classical hydrodynamical model by 
adding to the rotational energy a potential energy term arising 
from the stretching of the nuclear surface. Minimizing the 
total energy led to the formula 
Ed) = J- DVU-JLVI 
(1 - V)2 
where V is determined by 
ÎL^id + 1) = — . 
(1 - V)4 
Energy values using this formula are shown in Table 5 in the 
row labeled "Moszkowski." The values of D and were ad­
justed to give the best fit to the experimental energies. This 
formula works very well for low spin states. 
In Coulomb excitation experiments spin states as high as 
14'*' have been identified in several nuclei. The energies of 
these high spin states can not be fit by Equation 16. In some 
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cases even inclusion of a CI^(I+1)^ term does not give a satis­
factory fit to the data. In view of these difficulties Good 
(44) developed a semi-empirical formula 
E(I) = A 1 - B/A 1(1+1) 
1 + NBI(I+1) 
A 
1(1+1) 
Equation 17 
where N was determined empirically to be 
N = 2.85 - (0.05)1. 
It is seen that if N is equal to zero Equation 17 reduces to 
Equation 16. Sood has used this formula to determine the 
energies of the levels in the ground state rotational band of 
all deformed even-even nuclei. The root-mean-square deviations 
from experimental values were less than 0.6% for each nucleus. 
The values of the constants A and B in Equation 17 were obtained 
by a weighted least-squares fit to the four experimental ener­
gies. The energies obtained from Equation 17 with these values 
of A and B are given in Table 5 in the row labeled "Sood." It 
should be noted that the level energies measured by Edwards (24) 
can be fit with this formula, but not with Equation 16. 
Recently Holmberg and Lipas (45) used the formula 
E(I) = a[/l + bl(l+l) - 1] 
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to fit rotational level energies. The values of a and b 
obtained from a weighted least-squares fit to the experimental 
energies give the energies in the row labeled "Holmberg" in 
Table 5. This formula appears to work very well for Hf^®°. 
Davydov and Filippov (46a) have developed an asymmetric 
rotor model of the even-even nucleus. The k-axis of the nuclear 
ellipsoid has length 
and 3 and y are the deformation parameters. When y = 0, the 
nucleus is a prolate spheroid with the 3-axis as the symmetry 
axis. Wave functions and transition probabilities have been 
calculated. The asymmetry changes the energies of the low-
lying rotational levels slightly and produces new levels which 
are observed experimentally. A numerical table of the relative 
energies of the rotational levels for different values of y is 
given in an article by Moore and White (46b). The values of 
the Hf^®" levels given in Table 5 correspond to y = 12.26°. 
Faessler, Greiner and Sheline (47) consider the vibrations 
of the nuclear surface explicitly and tabulate excitation 
energies and wave functions for different relative values of 
the rotational energy, the g-vibrational energy and the y-
vibrational energy. The energy values given in Table 5 were 
obtained assuming Eg = which gives a satisfactory overall 
description of deformed nuclei. With this restriction the 
R. 
'k R o 3cos (y-k~) where k = 1, 2, 3 
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energies are functions of two parameters which were determined 
by the energy of the 2^ state and a graphical interpolation of 
the table in (47) to give the best fit for the higher spin 
states. The energy values of low spin states given by the 
rotation-vibration model are very similar to the energies ob­
tained with the asymmetric rotor model. For high spin states 
(12^, 14^, ...) the rotation-vibration model appears to be 
slightly more accurate. However, the calculation of transition 
probabilities provides a more sensitive comparison of these 
two models. 
In summary it can be noted that all six of the two param­
eter models mentioned here can fit the Hf^®° rotational levels 
with root-mean-square deviations of 1.2-keV or less. The 
semiempirical formulas given in Equations 16 and 17 give good 
agreement with the present experimental values, however none 
of the formulas give agreement to within experimental errors. 
Equation 17, Sood's formula, gives the most accurate predictions 
of energies of high spin states. 
C. Energies and Relative Intensities of Gamma Rays 
Following Yb^^^ Decay 
The beta decay of Yb^^® to Lu''^ is well understood in 
terms of the unified model of the nucleus. Lu^^^ is of current 
interest because some of the internal conversion coefficients 
are anomalously high and can be explained only in terms of 
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penetration effects. Before the experimental results are 
presented, a brief discussion of internal conversion coefficients 
will be given. 
1. Discussion of internal conversion coefficients 
A nucleus in an excited state characterized by energy E^, 
angular momentum and parity can decay to a state with 
lower energy and with angular momentum and parity by 
emitting a gamma ray or a conversion electron. The transition 
is characterized by the.transition energy 
B = By = - Eg , 
by L, the angular momentum carried off, and the parity change, 
Classically electromagnetic radiation of angular momentum L 
corresponds to radiation from either an electric 2^ pole (EL) 
or a magnetic 2^ pole (ML). The conservation of angular mo­
mentum requires L to obey the selection rule: 
|li - Ifl-L 2 li + Ig. 
The conservation of parity requires: 
A IT = =  ( - 1 ) ^  for E L  radiation 
and A ï ï  = = (-1)^ ^ for ML radiation. 
Here (Air = +1) means the initial and final state have the same 
parity while (Att = -1) means the parity changes. 
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Often the transition is a mixture of the two lowest pos­
sible multipolarities allowed by parity and angular momentum 
conservation. For example, if the initial state has spin and 
parity 9/2^ and the final state is 1/2^, the angular momentum 
changes by one unit and the parity is unchanged. The transition 
will be Ml + E2 and the internal conversion coefficient will be 
„ _ a(Ml) + 
1 + 6 = 
The mixing ratio 6^ is defined as the ratio of the inten­
sity of the E2 gamma radiation and the intensity of the Ml 
gamma radiation for the transition. 
The probability that an internal conversion electron will 
be emitted is proportional to where M^^ is the matrix 
element for internal conversion. This matrix element can be 
written as 
M^.^ = M M + y C. A. . Equation 18 
IC e Y Y 1 1 ^ 
All terms depend on the transition energy and multipolarity. 
M and the C. involve only electron wavefunctions while M 
e 1 Y 
and the involve nuclear wavefunctions. M^ is the matrix 
element for gamma-ray emission. The are dynamic penetration 
terms corresponding to the penetration of the nuclear surface 
by the orbital electron. Penetration effects were first 
investigated by Church and Weneser (48). For magnetic multipole 
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radiation there is only one penetration term. For El radiation 
there are two penetration terms, usually referred to as A(j • r) 
and Ato indicate the type of nuclear matrix element 
involved. 
Unless gamma-ray emission is hindered by nuclear selection 
rules, i.e., very small, the penetration terms are, at most, 
a few percent of the principal term. Thus, the internal con­
version coefficient for the x electron shell (x = K, L^, , 
etc.) can be written: 
which can be calculated without knowledge of the nuclear wave 
functions. Tables of internal conversion coefficients have 
been calculated by Rose (49) , Sliv and Band (50) , and Hager and 
Seltzer (36) . The calculations of Sliv and Band (50) include 
penetration effects calculated with a surface current model of 
the nucleus. Hager and Seltzer (36) give a summary of the 
assumptions and approximations made in the various calculations. 
Internal conversion coefficients depend on the transition 
energy, angular momentum L, parity change, and the nuclear 
charge Z. In general, internal conversion coefficients increase 
as the transition energy decreases, increase as L increases, 
and increase as Z increases. The comparison of measured 
internal conversion coefficients with calculated values has long 
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been used as a means of determining the angular momentum and 
parity properties of nuclear transitions. 
In Lu^^^ asymptotic selection rules hinder gamma-ray 
emission and penetration effects are important. These selection 
rules will now be discussed. 
The intrinsic structure of odd A deformed nuclei can be 
described in terms of Nilsson wavefunctions (51). In the limit 
of large nuclear deformations ("knitting needle" nucleus) the 
states in a spheroidal harmonic oscillator potential are spec­
ified by the following asymptotic quantum numbers: 
N = total number of oscillator quanta 
n^ = number of oscillator quanta along the symmetry axis 
A = orbital angular momentum about the symmetry axis 
n = total intrinsic angular momentum about the symmetry 
axis 
= A ± 1/2. 
Figure 16 shows the levels of Lu^^^ populated by the beta-
decay of Yb^^s. The asymptotic quantum numbers assigned by 
Hatch, Boehm, Marmier and DuMond (52) are also given. K is 
the projection of I, the total angular momentum, (intrinsic + 
collective) on the symmetry axis. Here K equals Q.. The ground 
state and the 396-keV level are the Nilsson single particle 
levels [404 7/2] and [514 9/2] for the seventy-first proton. 
The levels at 113 and 251 keV are rotational states built upon 
the ground state. 
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Selection rules involving changes in the asymptotic quantum 
numbers have been developed by Nilsson and Rasmussen (53). In 
nuclei with finite deformation, gamma transitions that are for­
bidden by these asymptotic selection rules are highly hindered. 
The penetration terms in Equation 18, which involve different 
matrix elements, are not hindered by the same asymptotic selec­
tion rules and may contribute significantly to the internal 
conversion coefficients. 
In the 145-, 283- and 396-keV El transitions are 
highly hindered because a selection rule for the K quantum 
number is violated. The conversion coefficients of these three 
transitions have been measured recently by Emery and Perlman 
(54). They measured gamma-ray relative intensities with a Ge 
(Li) detector. Conversion electron relative intensities were 
measured with an iron tt/2 double-focusing beta spectrometer. 
The K conversion coefficient of the 39 6-keV transition was 
measured by direct comparison of the electron and gamma-ray 
relative intensities with those of the 411.8-keV transition 
following Au^^® decay. The other K and L internal conversion 
coefficients were derived from the 396-keV K coefficient and 
the relative intensity data. The K conversion coefficients 
measured by Emery and Perlman are: 145-keV: 0.114 ± 0.019; 
283-keV; 0.0245 ± 0.0024; 396-keV; 0.0422 ± 0.0030. The 
theoretical El K conversion coefficients given by Hager and 
Seltzer (36) for these three transitions are 0.111, 0.0201, 
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and 0.000 899, respectively. The difference between the experi­
mental and tabulated values for the K, L^, L^, and conversion 
coefficients of the 283- and 396-keV transitions can not be 
explained by an M2 admixture. From their experimental results 
Emery and Perlman (54) extracted values of the penetration 
matrix elements. 
These transitions have also been studied recently by Hager 
and Seltzer (55), who also measured internal conversion coef­
ficients, and by Holmberg, Gidefeldt, Gunnerhed and Pettersson 
(56), who measured angular correlations. There is fairly good 
agreement among the values of the penetration parameter 
À (]^ • r) for the 283- and 396-keV transitions determined by 
these three sets of measurements. Hager and Seltzer (55) also 
found evidence of penetration effects in the 145-keV conversion 
coefficient. The value of X(] • ^) was consistent with zero 
in all three sets of measurements. 
In the present experiment accurate measurements were made 
of the gamma-ray energies and relative intensities. The gamma-
ray relative intensities are in good agreement with the results of 
Emery and Perlman (54) and can be used to obtain more accurate 
values of the internal conversion coefficients. 
2. Experimental results 
Thermal neutron capture in Yb^'** has a cross section of 9 
barns for the production of Yb^^® in its ground state and a 
cross section of 46 barns for the production of a 67 millisecond 
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isomeric state at 513 keV which subsequently decays to the 
ground state of Yb^^^. The half-life of Yb^^^ is 4.2 days. 
Since 87% of the beta decays are to the ground state of Lu^'^, 
a rather large source was needed to obtain sufficient intensity 
for accurate gamma-ray energy measurements. The line source 
consisted of 34.7 mg of Yb^O^ powder enriched to 99% in Yb^'**. 
The source material was placed inside a quartz capillary with 
an inside diameter of 0.020 inches. The source was irradiated 
for seven days in a thermal neutron flux of 3 x 10^^ neutrons/ 
cm^/sec. The full width at half maximum of the diffraction 
peaks was approximately 0.31 screw revolutions (0.74 xu). 
Three sets of energy measurements were made with the bent-
crystal spectrometer using the germanium (400) crystal. After 
each set of measurements the spectrometer was calibrated by 
measuring the Lu and x-rays and using Bearden's (13) 
energy values of 54.0698 ± 0.0007 and 52.9650 ± 0.0007 keV, 
respectively. Table 6 lists the diffraction orders measured 
at each energy as well as the experimental results. The ap­
propriate sums of low energy gamma rays are given for compari­
son with the measured energies of the cross-over transitions. 
The agreement is seen to be well within experimental errors. 
The measurements of Hatch et al^. (52) were also made with a 
bent-crystal spectrometer and are in good agreement with the 
present results. 
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Table 6. Gamma-ray energies following the decay of 
Present experiment Hatch et al. 
(52) 
Diffraction Measured Sum of 
orders energy (keV) energies (keV) 
1,2 113.803±0.004 113.8110.02 
1,2 137.656i0.006 137.6510.05 
1,2 144.86110.005 144.8510.03 
1,2 251.47010.017 (1+2) 251.459+0.007 251.310.5 
1,2,3,4 282.517+0.014 (2+3) 282.51710.008 282.5710.13 
1,2,3,4 396.32210.020 (1+2+3) 396.32010.009 396.110.3 
The gamma-ray relative intensities were measured by the 
least-squares scintillation method described previously. Two 
thin sources of Yb^^® were prepared in the following way. 
Yb^Og powder enriched to 99% in Yb^^^ was irradiated for four 
days in a thermal neutron flux of 3 x 10^^ neutrons/cm^/sec. 
The Yb 0 was then made into an alcohol solution and approxi-
2  3  
mately 0.1 mg Yb^Og was deposited on a strip of aluminized 
mylar 0.00025 inches thick and 0.2 x 3 cm. Composite spectra 
were obtained by removing the bent crystal and pointing the 
collimator at the thin source placed on the focal circle of 
the spectrometer. A background spectrum was recorded by going 
off the transmission maximum and recording the pulse-height 
spectrum. One of the composite spectra is shown in Figure 17. 
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Figure 17. Gamma-ray spectrum following decay 
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Although the source material contained less than 0.01% 
a slight amount of 32-day Yb^®® activity was present 
because Yb^®® has a cross section of 11,000 barns for the pro­
duction of Yb^®® by thermal neutron capture. Approximately 0.1 
mq of Yb 0 enriched to 19% in Yb^®® was irradiated for four 
^  2  3  
days and deposited on a strip of aluminized mylar. A composite 
spectrum of the Yb^^s activity was obtained with this source 
and was fit as a response function to the composite Yb^^® 
spectrum. 
The monoenergetic response functions were obtained by 
using the Yb^^® line source. After a four day irradiation the 
line source was placed in the steel rabbit and positioned on 
the focal circle of the spectrometer. The maxima of the first 
order diffraction peaks were located by stepping the spectrom­
eter over the region of interest. Monoenergetic response func­
tions were recorded by setting the spectrometer on the diffrac­
tion maxima and recording the pulse-height spectrum from the 
Nal(Tl) detector. A background spectrum was recorded on each 
side of each diffraction peak. Using a 2mm thick quartz (310) 
crystal, monoenergetic response functions were obtained for 
the Lu K f K , Kp and Kg x-rays. The quartz crystal was 
C t l  C t 2  P  1  /  3  P 2  
used in the x-ray energy region because its higher reflectivity 
gave higher counting rates. The four x-ray response functions 
were multiplied by the x-ray relative intensities of Wapstra 
et al. (37) and then added together to give a single response 
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function. Figures 18 and 19 show the response functions used 
in the least-squares computer program to fit the composite 
spectrum. The first thirty channels were not included in 
the final computer fits because of the relatively high noise 
level in the lower channels. 
Seven composite spectra from two different thin sources 
were analyzed by the least-squares computer program. One of 
the computer fits is shown in Figure 20. The points are the 
experimental composite spectrum and the smooth curve is the 
computed composite spectrum. The dashed curves are the mono-
energetic response functions which added together give the 
composite spectrum. The lower curve is the deviation of the 
experimental spectrum from the computed spectrum divided by the 
square root of the number of counts in the experimental spectrum. 
Table 7 gives the weighted average relative intensities from 
the seven computer fits along with previous measurements. In 
addition, the present experiment gives a value of 59.4 ± 1.6 
for the relative intensity of the Lu K x-rays. The errors in 
the present results are standard deviations obtained by quadrat-
ically combining the statistical error in the fitting procedure 
with the error due to the absorption and efficiency corrections. 
As mentioned previously, the measurements by Emery and Perlman 
(54) were made with a Ge(Li) detector and are seen to agree 
with the present results within the experimental errors. Hatch 
et (52) used the diffraction peak-height method to measure 
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Table 7. Gamma-ray relative intensities following the decay of Yb^^^ 
Transition energy (keV) 
Source 113.80 137.66 144.86 251.47 282.52 396.32 
Present work 29.0±0.5 1.56±0.19 5.20±0.35 1.37+0.13 46.5+1.5 100±2.1 
Emery and 
Perlman (54) 30.2+2.0 1.5+0.3 4.6±0.5 47.1+2.4 100 
Hatch et (52) 31 2.2 5.9 3.8 62 100 
de Waard (57) 25 50 100 
Marty (58) 5 8 10 0 
Mize et (59) 30+4 -5 -10 -5 43+9 100+13 
Gnedich 
et al. (60) 13 61 100 
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the gamma-ray relative intensities with a bent-crystal spec­
trometer. de Waard (57) and Marty (5 8), as well as Mize, Bunker 
and Starner (59) used Nal(Tl) scintillation spectroscopy to 
measure relative intensities- Gnedich, Kryukova and Murav'eva 
(60) measured the gamma-ray intensities with a beta spectrom­
eter using photoconversion. 
The K shell internal conversion coefficients for the four 
strongest transitions are given in Table 8. The gamma-ray 
relative intensities measured in the present experiment were 
used with the conversion electron relative intensities of Emery 
and Perlman (54) to calculate the internal conversion coeffi­
cients in two different ways. The values in the first row of 
Table 8 were obtained by replacing the gamma-ray relative 
intensities of Emery and Perlman (54) with the present results. 
Since the relative intensities were normalized on the 396-keV 
gamma ray, the 396-keV conversion coefficient is unchanged from 
Emery and Perlman's value. The value of 1.90±0.08 for the 
113.8-keV conversion coefficient in the second row of Table 8 
was calculated from the x-ray and gamma-ray. relative intensities 
obtained in the present experiment. This calculation will be 
described below. This value of the 113.8-keV conversion coef­
ficient was used to renormalize the internal conversion electron 
intensities of Emery and Perlman (54). These renormalized 
electron intensities were then used with the present gamma-ray 
relative intensities to obtain the other three K shell 
Table 8. Internal conversion coefficients of transitions in 
Transition energy (keV) 
113.80 144.86 282.52 396.32 
«K aj, X 10 1 X 10 2 X 10 ^ 
(Present work and (54))a 1.80±0 .18 1.01±0. 15 2.48±0.24 4.22±0.30 
(Present work and (54) )b 1.90±0 .08 1.06+0. 16 2.62+0.18 4.45±0.32 
Emery and Perlman (54) 1.73±0 .21 1.14±0. 19 2.45±0.24 4.22±0.30 
Hager and Seltzer (55) 0.84±0 . 06 2.2+0.1 3.7±0 .2 
Hatch et a^. (52) 1.6 1
—
1 H
 3.0 6.7 
de Waard (57) 2.3+0. 5 
Marty (58) 2.4±0 . 4 
Mize et aJ^. (59) 1.7+0. 4 4 o L
O 
Thun et a_l. (61) 1.6±0 . 3 3.010.7 
Theory 
(Hager and Seltzer (36)) 
1.90C 
1.87G 1.11 2 .01 0.899 
^Conversion electron relative intensities and 396-keV resuit of Emery and 
Perlman (54) along with present gamma-ray relative intensities. 
^Present gamma-ray relative intensities and 114-keV result along with the 
electron relative intensities of Emery and Perlman (54). 
^M1 + 19.5% E2 (62). 
"^Ml + 21.3% E2 (56) . 
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conversion coefficients in the second row of Table 8. Novakov 
and Hollander (62) measured the relative intensities of the 
conversion electrons from the L subshells and obtained a value 
of 19.5±2.5 % for the E2 admixture in the 113.8-keV transition. 
Holmberg et al. (56) obtained an E2 admixture of 21.3±0.4 % from 
angular correlation measurements. The present experimental 
values for the 113.8 K conversion coefficient are in agreement 
with the theoretical values for these M1-E2 admixtures. 
Since the strong 282.5- and 396.3-keV transitions have 
small internal conversion coefficients, the relative intensity 
of the K x-rays may be used to obtain the K conversion coef­
ficient for the 113.8-keV transition. The number of K x-rays 
emitted, N^, is equal to the number of K conversion electrons 
multiplied by the fluorescent yield for the K shell. The 
relative number of K conversion electrons for a given transition 
energy is equal to the gamma-ray relative intensity times the 
K conversion coefficient. Therefore, one can write 
K 6 
N = (jJ I a„(i) N (i) Equation 19 
i=l ' 
where the summation index i refers to the transition with 
energy E^^. The fluorescent yield for Lu is found in the tables 
of Wapstra et (37) . Hatch et al. (52) obtained a value of 
1.0 for the 137.7-keV K conversion coefficient. Eager and 
Seltzer (36) give a theoretical value of 0.0884 for the K 
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conversion coefficient of the weak 251.5-keV E2 transition. 
Using these values, the x-ray and gamma-ray relative intensities 
measured in the present experiment, and the three experimental 
conversion coefficients from the first row of Table 10, Equation 
19 becomes 
59.4 = 0 . 9 3 9  [ ( a  ( 1 1 3 . 8 ) ) ( 2 9 . 0 )  + 7.58] . 
Solving for 0^^(113.8) and combining errors gives 
a  ( 1 1 3 . 8 )  = 1.90 ± 0.08 . 
An error of 25 percent in the conversion coefficient of the 
strong 396.3-keV transition would have only a 2 percent effect 
of the value of the 113.8-keV K conversion coefficient deter­
mined by this method. 
In conclusion, the measured value of the K conversion 
coefficient for the 113.8-keV M1+E2 transition is in good 
agreement with the theoretical value. The gamma-ray relative 
intensities are in agreement with the results of Emery and 
Perlman (54) . The anomalously high conversion coefficients for 
the 282.5- and 396.3-keV El transitions can be explained by 
dynamic penetration effects. No anomaly was detected in the 
144.9-keV conversion coefficient obtained with the present 
gamma-ray relative intensities. 
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D. Gamma Rays Following the Beta Decay of 
The decay scheme of as proposed by Blichert-Toft, 
Funk and Mihelich (63), is shown in Figure 21. The electron 
capture decay of Tb^^^, which also populates levels in Gd^®^, 
has also been studied recently by several other experimenters 
(64, 65, 66). No definite spin assignments have been made for 
the 85.54-, 105.32- and 118.0-keV levels. The spin assignments 
favored in recent analyses by Alexander (67) and Bunker and 
Reich (68) are underlined in Figure 21. 
The decay of Eu^^^ was studied with the bent-crystal 
spectrometer. The energies of the strong gamma rays were 
measured accurately. The gamma-ray spectrum was scanned care­
fully and the energies and relative intensities of four weak 
gamma rays from the 118- and 146-keV levels were measured. 
Upper limits were assigned to the relative intensities of the 
unobserved 40.7- and 118-keV gamma rays. 
1. Experimental results 
The Eu^ss line source was made by double neutron capture 
of Eu^^^. A quartz capillary one inch long and 0.012 inches 
inside diameter contained 10 mg of Eu^O^ enriched to 95 percent 
in Eu^®\ The capillary was irradiated in the Materials Testing 
Reactor at Arco, Idaho in a neutron flux of 5 x 10^** neutrons/ 
cm^/sec for 28 days. The cross section for thermal neutron 
capture in Eu^®^ is 320 barns. Eu ^ ^ , which has a 16 year 
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Figure 21. Decay scheme of Eu^^® (63) 
87 
half-life, has a cross section of 1400 barns. The half-life of 
is 1.8 years, so long counting times were used where nec­
essary to obtain good statistics. 
The spectrometer was calibrated using Bearden's (13) values 
of 42.9962±0.0005 keV and 42.3089±0.0005 keV for the energies 
of the Gd and x-rays, respectively. A spectrum of the 
Eu^^^ gamma rays and x-rays was shown in Figure 11. The double 
capture source also contained a large amount of Eu^^^ activity. 
Meyer (69) has reported over 150 gamma rays with energies up 
to 1.9 meV following Eu^^^ decay. The energies of the four 
most intense Eu^^^ gamma rays are given in Table 9. The energy 
measurements of Hatch and Boehm (70) are also given. The mea­
surements of Hatch and Boehm were made with a bent-crystal 
spectrometer. Also given are the relative intensities of the 
three most intense gamma rays. These results were obtained by 
Nelson and Hatch (17) using the least-squares scintillation 
method in conjunction with the bent-crystal spectrometer. 
The energy region from 28 to 200 keV was carefully scanned 
for weak gamma rays. Both germanium and quartz bent crystals 
were used. Lower energy gamma rays, such as the 26.5-keV 
transition observed by Hatch and Boehm (70) and by Alexander 
(67) could not be observed because the corresponding diffraction 
angle is too large for the present spectrometer. Four weak 
gamma rays were identified by energy fits to correspond to 
transitions from the 118.0- and 146.1-keV levels. The relative 
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Table 9. Energies of strong gamma rays following decay 
Present results 
Diffraction 
orders 
Energy (keV) Energy (keV)^ Relative^ 
intensity 
1 45.299±0.002 45.29±0.01 
1 60.006+0.004 60.00+0.02 4.3±0.3 
1, 2 86.541+0.003 86.54+0.01 100±3 
1, 2, 3 105.302i0.004 105.32+0.03 68.3+2.7 
^Source: (70) . 
^Source; (17) . 
intensities of these transitions and the 45.30-keV transition 
were measured by the diffraction peak-height method using both 
quartz and germanium crystals. Upper limits were set on the 
intensities of the unobserved 118- and 40.7-keV gamma rays. 
Data for the relative intensity measurements was taken in 
the same manner as for the energy measurements. The window of 
the single channel analyzer was set on the photopeak of the 
Nal(Tl) response function and the spectrometer was stepped over 
the diffraction peak. After each step the pulses from the 
single channel analyzer were stored in one channel of the 400 
channel analyzer. The diffraction peak height was determined 
after a straight line background had been subtracted and a 
correction applied for the photopeak to total ratio. At least 
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three sets of data were analyzed for each gamma ray energy. 
Absorption corrections were applied for the quartz capillary, 
air path, diffraction crystal, aluminum cover of the Nal(Tl) 
detector and the source material. The relative intensities of 
the gamma rays and the 60.0-, 86.5- and 105.3-keV Eu^®^. 
gamma rays were measured by the diffraction peak-height method 
to obtain the reflectivity of the quartz and germanium 
crystals. Crystal reflectivity is discussed in Appendix B. 
The density of the source material is sometimes not well known 
and can contribute a large error in the absorption correction. 
By using the three strong Eu^®^ gamma rays as calibration 
points, this error was reduced. The weak 86.06-keV gamma ray 
was studied by second order diffraction to resolve it from the 
strong 85.54-keV gamma ray. The resolution of these two peaks 
was shown in Figure 12. 
The energies and relative intensities of the Eu^^s gamma 
rays are given in Table 10. Table 10 is divided into three 
parts. The top section gives the, relative intensities of the 
four strongest gamma rays. The middle section gives the 
energies and relative intensities of the four weak gamma rays 
measured in the present experiment as well as the relative 
intensities measured in previous experiments. The four gamma 
rays listed in the lower portion of Table 10 were not observed 
in the present experiment. All intensities are relative to a 
value of 100 for the 86.54-keV gamma ray. Also given are the 
Table 10. Energies and relative intensities of Eu gamma rays 
Source Relative intensity-
Present 
energy (keV) 45.299 + 0.002 60.006±0 .004 86.541 + 0.003 105 .302±0.004 
Multipolarity^ El Ml + 4%E2 El El 
Present results 3.6+0.7 
Nelson and 
Hatch (17) 4.3+0.3 100±3 68.3+2.7 
Alexander (67) 2.8±0.7 3.8±0.2 100 67.9±3.4 
Hatch and 
Boehm (70) 2.3 4 100 64 
Blichert-
Toft et al. (63) 5.1±2.0 100 65.7+6.5 
Subba Rao (71,72) 5.0±0.6 100 68.5±5 
^Multipolarities from Harmatz et a2. (64) based, on conversion electron ratios. 
Table 10. Continued 
Source Relative intensity 
Present 
energy (keV) 31.55+0.10 
E2 
57.970+0.026 
El 
86.062+0.023 
El 
146.061±0.015 
E2 
Present results 
Alexander (6 7) 
Blichert-
Toft et al. (63) 
0.03+0.02 0.22±0.05 
0.2±0.03 
0.49 + 0 .05 
0 .5±0 .05 
0.19+0.02 
0.16±0.05 
Energy (keV) 18.9 26.53 40.7 118.0 
Ml + 5%E2 El 
4 
Present results <0.0 3 <0.0 8 
Alexander (67) ~1 <0.15 
Hatch and 
Boehm (70) -0.1 ~4 
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multipolarity assignments made by Harmatz et a^. (64) based on 
conversion electron ratios for transitions following Tb^®® 
decay. The errors in the relative intensities measured by the 
diffraction peak-height method are standard deviations obtained 
by quadratically combining root-mean-square deviations in 
measured peak heights, errors due to uncertainties in absorption 
corrections, and an estimated uncertainty in the crystal re­
flectivity. The twenty percent error in the present 45.3-keV 
gamma-ray relative intensity reflects large uncertainties in 
the source absorption correction and the crystal reflectivity. 
It should be emphasized that the 31.55-keV gamma ray was very 
weak and its energy and relative intensity have large errors. 
The energy sum 86.062 + 60.006 = 146.068 ± 0.023 keV is 
in good agreement with the measured cross-over energy of 
146.061 ± 0.015 keV. Also, the sum ,57.970 + 60.006 = 117.976 
± 0.026 keV is in fair agreement with the sum 31.55 + 86.541 
= 118.09 ± 0.10 keV. For the stronger transitions, 45.299 
+ 60.006 = 105.305 ± 0.004 keV is in good agreement with the 
measured value of 105.302 ± 0.004 keV. 
Recently Meyer (69) reported a gamma ray following the 
decay of Eu^^** with an energy of 146.05 ± 0.05 keV and an 
intensity of 0.064 ± 0.003 relative to 100 for the 123-keV 
Eu^®"* gamma ray. Since the present line source contained a 
large amount of Eu^^^ activity, this transition, if actually 
present, would reduce the measured relative intensity of the 
93 
146.061-keV gamma ray from 0.19 to 0.07 ± 0.02. A weak 
source containing only a small amount of Eu^^** contam­
inant was examined with a Ge(Li) spectrometer using Compton 
suppression. The pulse height spectrum was shown in Figure 11. 
The relative gamma-ray intensities obtained from the Ge(Li) 
spectrum were consistent with the assignment of 0.19 ± 0.0 2 for 
the relative intensity of the 146.061-keV gamma ray. This 
result is also in good agreement with the Ge(Li) results of 
Blichert-Toft et al. 
A weak 40.7-keV gamma ray has been reported by Bisi and 
Zappa (73). Harmatz, Handley and Mihelich (64) report an 
internal conversion line corresponding to a transition energy 
of 40.7 keV following Tb^^s decay. In the present experiment 
no 40.7-keV gamma rays were observed and an upper limit of 
0.0 3 was placed of the relative intensity of these gamma rays. 
Eu x-rays, possibly from Sm^®^ contaminant, were detected in 
the present line source. The Eu x-ray has an energy of 
40.9-keV and could possibly have been mistaken for a 40.7-keV 
gamma ray in previous experiments with poorer resolution. 
2. Decay scheme of Eu^^s 
The present gamma ray energy measurements correspond to 
the following Gd^^s energy levels, in keV, above the 3/2 
ground state: 60.006 ± 0.004, (5/2 ); 86.541 ± 0.003, (3/2^ 
or 5/2"*'); 105.302 ± 0.004, (3/2* or 5/2*); 117.98 ± 0.03, 
(3/2* or 5/2*); and 146.061 ± 0.015, (7/2"). The spin of the 
94 
ground state has been determined by paramagnetic resonance 
(28, p. 5-5-53, 1963). The Nilsson model favors a ground state 
of 3/2 [521 3/2] for the ninety-one neutrons in Gd^^s with a 
deformation 3 = 0.28. The preceding notation refers to the 
spin-parity of the level and the asymptotic quantum numbers 
[N n^AK]. Coulomb excitation (74) indicates that the (5/2 ) 
60-keV and (7/2 ) 146-keV levels are members of the ground 
state rotational band. Conversion electron relative intensi­
ties (64) and internal conversion coefficients (17) identify 
the 45.3-, 86.5- and 105.3-keV transitions as El. Thus the 
levels at 86.5 keV and 105.3 keV could both be either 3/2+ or 
5/2+. 
Several authors have made different assignments for the 
86.5-, 105.3- and 118.0-keV levels. On the basis of lifetime 
measurements, Deutch, Metzger and Wilhelm (75) identified the 
86.5-keV level as the 3/2+ [651 3/2] Nilsson level and the 
105.3-keV level as the 5/2+ [642 5/2] level. Hàrmatz et al. 
(64) adopt the assignments of Deutch et and consider the 
118.0-keV level to be the 5/2+ member of the [651 3/2] rota­
tional band. This interpretation is also postulated by 
Blichert-Toft et al. (63). However, Kormicki, Niewodniczanski, 
Stachura, Zuber and Budziak (66) interpret these three levels 
as follows: the 105.3-keV level is the 3/2+ [651 3/2] state; 
the 118.0-keV level is the 3/2+ [402 3/2] state; the 86.5-keV 
level is the lowest level with spin 5/2 resulting from the 
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Coriolis interaction of the [651 3/2], [642 5/2], and [660 1/2] 
states. The Coriolis interaction (76) refers to the fact that 
the rotation of the nuclear symmetry axis results in a partial 
decoupling of the intrinsic motion from the collective field 
of the nucléons. As a result of this decoupling, K is no 
longer a good quantum number and intrinsic states with K dif­
fering by ±1 are mixed. 
Bunker and. Reich (6 8) cite recent Mossbauer measurements 
(77, 78) and assign 5/2^ as the spin of the 86.5-keV level. 
3/2^ is assigned to the 105.3-keV level on the basis of results 
from (d,p) and (d,t) reaction experiments and a directional 
correlation experiment between the 60.0- and 45.3-keV gamma 
rays (79). Bunker and Reich also found that a sequence of 
states at 86.5 keV (5/2*), 105.3 keV (3/2*), and 118.0 keV 
_L 
(5/2 ) can be obtained theoretically through Coriolis coupling 
of the three lowest-lying positive parity Nilsson orbitals 
expected in Gd^": [651 3/2], [642 5/2] and [660 1/2]. 
Alexander (67) makes the same spin-parity assignments as 
Bunker and Reich. Alexander also compares the experimental 
El gamma-ray branching ratios into the K = 3/2 ground state 
band with first-order theoretical predictions. He assumes the 
asymptotic quantum numbers for the 86.5-keV level are [642 5/2] 
and for the 105.3-keV. level are [651 3/2]. The theoretical 
branching ratios depend on the initial and final values of the 
spin and K and on the multipolarity of the transition. They 
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will be defined in the following paragraph. The theoretical 
and experimental values, as shown in Table 11, are in reasonable 
agreement for the 86.5- and 105.3-keV levels. However, both 
= 3/2 and = 5/2 give theoretical values more than an 
order of magnitude larger than the experimental branching ratio 
for the 118.0- and 5 8.0-keV gamma rays. 
Table 11. Theoretical and experimental El branching ratios 
into the = 3/2" band in Gd^^s 
Branching Theory Experimental results 
ratio I. (Equation 21) (Equation 22) 
Present Alexander (67) 
B(86.54 keV) 
B(26.53 keV) ^ 
B (105. 32 keV) _ 
B(45.29 keV) ^ 
B (118.0 keV) 
B(58.0 keV) 
5/2 5/2 
3/2 3/2 
2.3 2.9 
1.5 1.5* 1.9 
1.0 <0.05 <0.09 
2.3 
1.5 
Using 1(105.32 keV) = 68.3 from Nelson and Hatch (17). 
For emission of gamma rays with energy E and multipolarity 
L, the transition probability per second from state to 
state Ig is 
T = 8tt(L+1) 
L[(2L+1)!1] 7 -E 
E 
•he 
2L+1 
B(L, Equation 20 
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where B(L, is the reduced matrix element of the transi­
tion. For a gamma-ray transition from an initial nuclear state 
described by I^ to different members I^, 1^, of a rota­
tional band with K = K^, Alaga, Alder, Bohr and Mottelson (80) 
show that the reduced transition probability can be written as: 
B(L, <I.L K. , K.-KJI.L 
i—L_ = —i i £—-—i — Equation 21 
B(L, <Ij_L K^, K^-K^|I^L Ig,Kg>: 
when L<(Kj + K^) or either or = 0. Here <I^L K^vjl^L IgKg> 
is the Clebsch-Gordan coefficient for the vector addition of 
angular momenta and L to form the resultant The nota­
tion is that of Condon and Shortley (81). The theoretical 
branching ratio calculated from Equation 21 can be compared 
with the experimental ratio calculated from Equation 20 and the 
experimental energies and relative intensities: 
B(L, 
B(L, L^f 
2L+1 I(Eg, L) 
I(Eg,, L) 
Equation 22 
where I(Eg, L) is the relative intensity of gamma rays with 
energy E^-E^. 
One of the arguments against the 3/2^ assignment for the 
105.3-keV level is that this assignment would imply an M2 
multipolarity for the 40.7-keV transition from the 145.1-keV 
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7/2 level. Eager and Seltzer (36) give a total theoretical 
conversion coefficient (a^ + a^) of 224 for a 40.7-keV transi­
tion in Gd. On the other hand, the total conversion coefficient 
for a 40.7-keV El transition is 0.56. Thus, the detection of 
40.7-keV gamma rays would imply an El transition and an assign-
-f 
ment of 5/2 for the 105.3-keV level. In the present experi­
ment no 40.7-keV gamma rays were observed. An upper limit of 
0.03 was placed on the intensity of the 40.7-keV gamma rays 
relative to 100 for the intensity of 86.54-keV gamma rays. 
Therefore, the 3/2^ assignment for the spin-parity of the 105.3 
-keV level is not inconsistent with the present experimental 
results. 
The relative intensities of the weak gamma rays can be 
used to estimate the percentage of Eu^^® beta decays which 
populate the 118.0- and 146.1-keV levels in Gd^®®. Blichert-
Toft et al. (63) report that 42% of the Eu^®® beta decays 
populate the 105.3-keV level. The total number of transitions 
(gamma rays and internal conversion) from the 118.0- and 
146.1-keV levels relative to the total number of transitions 
from the 105.3-keV level can be calculated using the gamma-ray 
relative intensities and multipolarities given in Table 12 
along with the theoretical internal conversion coefficients 
(36). The following results are obtained: 0.3% of the Eu^®® 
beta decays populate the 118.0-keV level in Gd^®®; 0.7% of the 
beta decays populate the 146.1-keV level. 
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In conclusion, the present experiment gives accurate 
energy and.relative measurements for the gamma-ray transitions 
in Gd^ss, The absence of a 40.7-keV gamma ray removes one of 
the objections to a 3/2^ spin-parity assignment for the 105.3 
-keV level. An estimate of the percentage of Eu^®® beta 
decays feeding the 146.1 and 118.0-keV levels was obtained. 
In light of the present experimental results and the recent 
analyses by Bunker and Reich (6 8) and Alexander (67) , the 
following Gd^®^ spin-parity assignments are favored: 86.541 
-keV: 5 / 2 + ;  105.302-keV: 3 / 2 + ;  117.98-keV: 5 / 2 + .  
E. Summary 
Many of the gamma-ray energies and relative intensities 
reported in the previous sections can be used as secondary 
standards to calibrate Ge(Li) detectors. All of the nuclei 
studied in the present experiments were produced by thermal 
neutron capture in a reactor. Today many nuclear experiments 
are done in conjunction with research reactors and these 
activities can be easily produced for calibration purposes. 
As an aid to the experimentalist, the energies and relative 
intensities of the strong gamma rays reported in the previous 
sections are all listed in Table 12. Also given are the half-
lives and neutron capture cross sections, taken from Lederer 
et al. (31). The relative intensities of the 
and the three strongest Eu^®® gamma rays are taken from the 
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work of Nelson and Hatch (17). The and 
relative intensities are in good agreement with previous mea­
surements made to comparable precision. The errors quoted for 
the energy and relative intensity measurements are standard 
deviations. The measured values of the energies of cross-over 
transitions are reported. In some cases these values can be 
averaged with the appropriate sum of gamma-ray energies to 
obtain a more accurate value. Previous high-precision energy 
measurements for the two Eu^^^ gamma rays were reported in 
Table 2. 
The energies of the two strongest gamma rays following the. 
decay of Eu^^^ to Gd^^^ are also included in Table 12. These 
two gamma rays, corresponding to transitions from the 2^ and 
4^ rotational states in Gd^^"*, were measured in conjunction 
with the Eu^ss measurements described in the previous section. 
The values of 123.065+0.005 keV and 247.902+0.016 keV can be 
compared with the bent-crystal measurements of Hatch and Boehm 
(70) of 123.07±0.04 keV and 248.08+0.15 keV. Meyer (69) 
obtained energies of 123.14±0.04 keV and 248.04±0.04 keV with 
a Ge(Li) detector. The intensity of the 24 8-keV gamma ray 
relative to the 123-keV gamma ray was measured by the diffrac­
tion peak-height method. The value obtained in the present 
experiment of 15.1±1.5 is in agreement with the value of 16.3 
±0.3 obtained by Meyer (69). 
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Table 12. Gamma-ray energies and relative intensities 
Source Half-life^ Neutron capture^ Energy (keV) Relative 
cross section 
(barns) 
Intensity 
1 5 5 
Sm 22 min. 
12 8 
I 25 min. 
1 5 2 
Eu 96 min. 
9.3 hours 
jjf 18 om s _ g hours 
Yb 1  7  5  
Eu 1 5 5 
4.2 days 
1.8 years 
Source: (31) 
5 104.320+0 .005 2000±90^ 
141.411±0.011 36+5 
245.727+0.050 100 + 6 
6.4 442.91±0.07 lOOa 
526.62±0.10 10 
30 89.847±0.006 
2800 121.775±0.005 
0.2 57.549±0.005 51.3+2.0^ 
93.332±0.006 18.0+0.5 
215.251±0.013 86.5±2.0 
332.307±0.036 100+2.5 
443.181±0.055 90.4+3.0 
500.714+0.066 13.6+1.2 
9 + 46 113.803±0.004 29.0+0.05 
137.656±0.006 1.56±0.19 
144.861+0.005 5.20+0.35 
251.470+0.017 1.37+0.13 
282.517+0.014 46.5+1.5 
396.322+0.020 100+2.1 
1400 45.299±0.002 3 .6±0.7 
60.006+0.004 4.3+0.3b 
86.541+0.003 100±3 
105.302+0.004 68.3+2.7 
Sm 1 5 5 , and three strongest Eu^^s relative 
intensities from Nelson and Hatch (17) 
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Table 12. Continued 
Source Half-life^ Neutron capture^ Energy (keV) Relative 
cross section Intensity 
(barns) 
Eu^ ® ** 16 years 320 123.065±0.005 100 
247 .902+0 .016  15.1±1.5 
With the exception of all of the nuclei studied in 
the present experiments have deformed shapes. Some of the 
measured gamma rays correspond to transitions between members 
of a rotational band. Bohr and Mottelson (42) write the 
rotational level energies as : 
E %(I) = E^°) + 1(1+1). + 6^ 1 a(-l) 1+1/2(1+1/2) K,l/2 
+ E^') [ 1(1+1) + 6% 1/2 a(-l)^^l/2 (1+1/2)1 ^ , 
Equation 2 3 
where K is the projection of the total angular momentum I on 
the symmetry axis of the nucleus. 6^ ^/^ is equal to unity 
when K equals 1/2 and is zero otherwise. E^°) defines the 
energy of the band head. E^^^ is the rotational splitting 
term, i.e., 
2^ '' = ' 
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1 2 )  
where is the moment of inertia of the nucleus. is a 
small second order correction term. The energy difference 
between levels with spin I and I in a rotational band is 
o 
simply 
- ^ k"O> = [ KI+I) - lo'lo+l)] 
+ (1+1)2 _ I?(I +1)2|. Equation 24 
; O O J 
for K X 1/2 
For an even-even nucleus with ground state spin zero, the 
energy above the ground state for a member of the ground state 
rotational band (K = 0) is 
Eg (I) - Eq(0) = E^^) 1(1+1) + E^^^I (1+1)2 . 
This is the same as Equation 16, which was fit to the Hf^®° 
energy levels. 
The level energies measured in the present experiments 
were substituted into Equation 24 to determine the constants 
E^^) and for the various nuclei studied in the present 
experiments. The results are presented in Table 13. When a 
level energy could be determined from both cross-over and 
cascading gamma rays, the weighted average is given. The 
energy of the 4^ level in Sm^®^ ^ as not measured in the present 
experiment. The value given in Table 13 was obtained from 
bent-crystal measurement of 244.64±0.0 8 keV by Andersson (82) 
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Table 13. Rotational constants 
Nucleus Rotational level 
. Spin Energy (keV) 4"  4"  
Sm/sz  0 + 0 21 .142±0 .002 -0 .1411+0.0003 
2+ 121.775±0.005 
4+ 366.42i0.08a 
Gd/s^  0 + 0 21 .35210 .001 -0 .1401810.00008 
2+ 123.065+0.005 
4+ 370 .967+0 .017  
H f i  80  0+  p  15 .562+0 .012 -0 .0070310.00019 
2 + 93 .332±0 .006  
4+ 308 .58310.014 
6  +  640.89±0.04 
8+ 1084.07+0.06 
Gdl  5  5  3 / 2 - 0 11 .69610 .003 +0 .024410.0002 
5 /2"  60.006±0.004 
7 /2 - 146.063+0.011 
Lu' 7 5 7 /2+  0  12, .90910, .002 -0, .0065210.00005 
9 /2+  113.803+0.004 
11/2+ 251.461+0.005 
^Source: (82) 
for the transition from the 4+ to the 2+ level. 
and HfV®° have even proton and neutron numbers while Gd^®® 
and Lu^^s have an odd number of neutrons. The constants i \  
( 2 ) 
and can be used to predict the energies of higher spin 
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states. The predictions of this two-parameter theory can be 
compared with the experimental energies when these higher 
spin states have been measured accurately. This was done for 
Hf^®° in Section B of this chapter. 
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VI. APPENDIX A: SPECTROMETER ENERGY CALIBRATION 
AND ERROR ASSIGNMENT 
In order to measure gamma-ray energies with uncertainties 
of a few parts in 10^, it is necessary to correct for or 
eliminate as many sources of error as possible. The bent-
crystal spectrometer used in the present experiments is pat­
terned after one constructed by Seppi e;t (15) and is similar 
in design to several others, notably one constructed by Reidy 
and Wiedenbeck (83). Many of the experimental techniques used 
by others were applicable in the present experiments. 
Since energies are measured by measuring diffraction 
angles, errors in energy measurements are due to the uncertainty 
in the diffraction angle and the error in the calibration con­
stant relating the energy, in keV, to the diffraction angle. 
In the following sections the techniques used to reduce errors 
and to calibrate the spectrometer will be discussed. 
A. Linearity of the Spectrometer Screw 
The diffraction crystal is rotated by a lever arm con­
nected from the pivot of the crystal to a nut traveling the 
precision screw. The angular position of the screw is read by 
a Datex encoder to the nearest 0.001 revolution, which corre­
sponds to a rotation of the diffraction.crystal of 0.176 
seconds of arc. Since the screw of the bent-crystal spectrom­
eter has a pitch of forty turns per inch, distances are measured 
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to within 2.5 x 10 ® inches. For such measurements to be 
meaningful, the linearity of the screw must be determined to 
similar precision. 
The spectrometer screw was first calibrated using a set 
of gauge blocks, a standing micrometer and a dial indicator. 
Every four revolutions of the screw the position of the nut 
was compared with either the gauge blocks or the standing 
micrometer by using the dial indicator. Three sets of measure­
ments were averaged and a curve of the deviation from linearity 
is shown in Figure 22. 
The screw linearity was also checked with Moiré fringes. 
This procedure involved using two identical transmission 
gratings with 6350 lines per inch. One grating was attached 
to the nut on the spectrometer screw while the other remained 
fixed when the screw was rotated. Fringes were observed vi­
sually as one grating moved past the other. Data was taken 
by recording the Datex reading after each group of twenty 
fringes. This procedure gave approximately eight calibration 
points per screw revolution. The upper left-hand corner of 
Figure 22 shows a portion of the calibration curve obtained. 
A nonlinearity with an amplitude of approximately 0.004 revolu­
tion and a period of one screw revolution was seen throughout 
the length of the screw. This type of periodic nonlinearity is 
characteristic of screw-type measuring instruments. 
For all energy measurements the distance between diffraction 
DETAIL OF MOIRE 
FRINGE CALIBRATION 
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Figure 22. Linearity of spectrometer screw 
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peaks was corrected for the screw nonlinearity. An error of 
± 0.004 screw revolution was assigned to account for any in­
accuracies in the nonlinearity correction or lack of repro­
ducibility in the screw position. 
A vernier dial was mounted on the end of the spectrometer 
screw. This dial was read before and after each energy mea­
surement and compared with the reading on the Datex control 
unit as a check against any error in the Datex setting. To 
eliminate backlash the screw was always turned in a clockwise 
manner when approaching and stepping over diffraction peaks. 
B. Determining the Distance Between Diffraction Peaks 
The Bragg angle was always determined by measuring the 
distance, in screw revolutions, between the diffraction peaks 
corresponding to the same diffraction order and energy on 
both sides of the zero angle position. This distance was 
taken to be the distance between the centers of Gaussian curves 
fit to the diffraction peaks. A computer program subtracted a 
straight line background and then the peak was fit with a 
Gaussian curve by a nonlinear least-squares program (NLLS) 
(20). The shape of a gamma-ray diffraction peak is determined 
by the crystal diffraction pattern and the source size and 
position. The diffraction peaks obtained with the germanium 
crystal were symmetric with slightly steeper sides and flatter 
tops than the Gaussians fit to them. The peaks were broadened 
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when the source was moved off the focal circle. A better fit 
was obtained when the sides of the diffraction peak were fit 
with a Gaussian and the top was fit with a straight line. 
However, this procedure did not decrease the uncertainty in 
the peak location significantly since the location of the peak 
was relatively insensitive to the function fit to the data. 
The position of the peak was determined from twenty to fifty 
data points, depending on the line width and step size. Except 
in cases where the background was very high, the statistical 
uncertainty in the center of the Gaussian was negligible for 
peaks containing one hundred counts or more. Typically, three 
sets of measurements may differ by ± 0.00 3 revolutions in the 
distance between diffraction peaks, which may be 200 screw 
revolutions. 
Distance between asymmetric peaks can be determined by 
the same fitting procedure, but care must be taken to fit the 
same regions of all peaks. Asymmetry due to the crystal dif­
fraction pattern or irregularities in the source produces 
identical peaks on both sides of the zero angle position. On 
the other hand, peaks of asymmetric spectral lines or unresolved 
doublets will be mirror images of each other. 
C. Systematic Errors in Energy Measurements 
Systematic errors in energy measurements can be detected 
by measuring the energies of accurately known lines and by 
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making measurements in several diffraction orders. A small 
systematic error was observed when data was taken in several 
diffraction orders (up to fourth order for the 123-keV 
gamma ray) with the strong Eu^®''-Eu^®^ double capture source-
The well-known 411.8-keV line following the decay of Au^^® was 
measured in five diffraction orders. The K and K x-rays 
a 1 a 2 
of Gd and Lu were measured along with the W Kg ^ x-ray. Figure 
23 shows the straight line obtained from a weighted least-
squares fit of the calibration constant as a function of the 
distance between diffraction peaks. The slope of the line is 
1.05 X 10 ^ parts per revolution. Although the straight line 
does not pass through all of the data points, it is sufficiently 
accurate to reduce all discrepancies to within the uncertainties 
due to screw nonlinearity, errors in calibration energies and 
statistical errors in peak locations. 
A similar correction was found necessary by Schult et al. 
(84) for measurements made with the 5.7 meter spectrometer at 
Ris0. However, neither Seppi et a2. (15) nor Reidy and 
Wiedenbeck (83), whose spectrometers are similar to the present 
design, mention this correction. This systematic deviation 
was also observed with the quartz crystal. The deviation could 
be changed in magnitude, but not eliminated, by changing the 
position of the crystal clamping block relative to the axis 
of the spectrometer. This deviation may be due to improper 
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centering of the crystal on the axis of rotation of the spec­
trometer or there may be a slight precession of the spectrom­
eter axis as the crystal rotates. 
Since the focal circle rotates with the crystal about 
the spectrometer axis, the source position, which is fixed in 
the case of the present instrument, does not remain on the 
focal circle. This causes a slight broadening of the dif­
fraction lines but, to first order, only affects the magnitude 
of the calibration constant by a fixed amount. 
Other effects which have been investigated by DuMond (7) 
and Beckman, Bergvall and Axelsson (85) include abberations 
due to failure to profile the crystal surface to the radius of 
the focal circle, vertical divergence of the gamma-ray beam, 
and the orientation of the diffracting planes with respect to 
the axis of the spectrometer. To lowest order these effects 
affect energy measurements only by changing the calibration 
constant by a fixed amount and by broadening the diffraction 
peaks. 
An error in the positioning of the line source will also 
produce an error in the diffraction peak location. Boasso (15) 
found an error of ± 0.0005 screw revolutions due to error in 
repositioning the source with a prototype of the present 
transfer system. In the present measurements repositioning 
errors as large as ± 0.009 screw revolutions were detected 
when the source was not rigidly mounted in the rabbit. This 
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error actually only affects the Datex reading corresponding to 
the zero angle position. Therefore by measuring peaks on both 
sides of the 0=0 position after each irradiation, the error 
in the energy measurements due to source repositioning errors 
could be neglected. 
D. Error Assignments 
The spectrometer was calibrated for each set of measure­
ments to minimize errors resulting from source repositioning 
or temperature effects. For the short-lived Sm^^® 
activities the 411.8-keV gamma ray following the decay of Au^^® 
was used to calibrate the spectrometer. The energy of this 
transition was taken to be 411.795 ± 0.009 keV, as measured by 
Graham et al. (14) . For the other activities, K x-rays were 
measured. Using Bearden's (13) values of the x-ray energies 
in keV, the value of the calibration constant was determined. 
Values of the calibration constant A for other values of x, 
the distance between diffraction peaks, were determined by 
multiplying the corresponding value from the graph in Figure 
23 by a constant. This constant was the measured value of A 
for the K x-rays divided by the corresponding value from 
Figure 23. 
The error in the calibration constant was calculated by 
quadratically combining the error in the x-ray energy as given 
by Bearden (13) (or the error in the 411.8-keV gamma ray), the 
122 
root-mean-square deviation in the distance between x-ray dif­
fraction peaks and an error of 0.004 screw revolutions to 
account for screw nonlinearity. 
The errors quoted with the energy measurements represent 
standard deviations in the measured values. They were calcu­
lated by quadratically adding the error in the calibration 
constant, the root-mean-square deviation in the distance 
between the diffraction peaks on each side of the zero angle 
position and an error of 0.004 screw revolutions to account 
for screw nonlinearity. 
The uncertainties in energy measurements can be improved 
by using narrower sources (0.001 or 0.002 inches in diameter) 
when sufficient activity is available. Optical methods have 
been used to measure diffraction angles to higher accuracy. 
To increase the accuracy to another decimal point, i.e., to 
measure a 100-keV gamma ray to within tenths of eV, requires 
the use of double crystal spectrometers, such as the one used 
by Knowles (10). These instruments have resolution a factor 
of ten higher than bent-crystal spectrometers and correspond­
ingly poorer efficiency. 
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VII. APPENDIX B: DIFFRACTION CRYSTALS 
Bent-crystal spectrometers ranging in size from 25 cm to 
7.7 meters in radius have been constructed (8). Crystals as 
thick as 4 mm have been bent. Toffer and Hatch (86) give a 
listing of the bent-crystal spectrometers in existence in 
1962. Reidy and Wiedenbeck (83) compare the reflectivity and 
diffraction line profiles of several different bent crystals. 
In this appendix the technique of bending quartz crystals will 
be described. The diffraction properties of crystals used in 
the present experiments will be discussed. 
A. Bending Quartz Crystals 
Two quartz crystals 2 3/4 inches high, 3 inches wide and 
2 mm thick were purchased from Steeg and Reuter, Ltd. of Bad 
Romberg, Germany. The crystals were both cut so that the (310) 
planes could be used for diffraction. One large surface was 
specified optically flat and the opposite side heavily etched 
to remove surface strains. 
Before mounting the crystal in the curved clamping blocks, 
the edges and unpolished side were each etched for three min­
utes in a solution of three parts distilled water and one part 
48.8% HF acid. The polished side was protected by a coat of 
paraffin during the etching process. The crystal and clamping 
blocks were cleaned with acetone. Surfaces of the clamping 
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blocks not in contact with the crystal were covered with a 
thin oil film. The optically flat side of the crystal was 
placed on the accurately machined convex surface of the front 
clamping block. A rubber gasket was placed between the rear 
clamping block and the crystal. Bending pressure was applied 
by tightening the four spring-loaded screws connecting the 
front and rear clamping blocks. The bending was done on a 
dust-free air table under a sodium lamp. Interference fringes 
were observed as the quartz plate was bent to conform to the 
curvature of the clamping blocks. When the entire surface of 
the crystal was in contact with the clamping block the inter­
ference fringes would not move when more pressure was applied 
to the crystal. 
B. Comparison of Diffraction Crystals 
The shape of the diffraction peaks is affected by the 
source size and orientation, the shape of the spectral line 
being measured and the diffraction pattern of the crystal. 
Figure 24 displays six diffraction line profiles. The three 
on the left were made using a 0.005 inch diameter source while 
the three on the right were made using a 0.010 inch diameter 
source. The top two profiles were obtained with the 1.4 mm 
germanium crystal used for energy measurements in the present 
experiments. These two profiles demonstrate the effect of 
source size on peak width. The two quartz crystals were bent 
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Figure 24. Comparison of diffraction line profiles 
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in this laboratory and should have identical properties. The 
quartz crystal labeled "Number 5" was bent again, but the wide 
asymmetric profile was unchanged. The asymmetries observed 
are apparently due to a slippage of the crystal planes. The 
two thick germanium crystals were not used in the present 
experiments. 
As mentioned in Chapter II, the reflectivity of a 
diffraction crystal is related to the peak counting rate at 
energy by 
ij^) ~ ij^) C (n/4n) (R^^Vw) e ^ . Equation 4 
This relationship would be an equality if the total counting 
rate for gamma rays with energy E^ was equal to the peak 
counting rate multiplied by w, the width in radians of the 
diffraction line. Figure 25 is a plot of the reflectivity of 
a quartz crystal and a germanium crystal. The ordinate scale 
is arbitrary since only relative reflectivities were measured. 
The quartz reflectivity below 60 keV was estimated from a 
similar curve by Knowles (8). Although the reflectivities of 
the two crystals are equal at about 60 keV, higher counting 
rates are obtained with the quartz crystal for gamma rays with 
energies below 80 keV because the germanium crystal has a 
higher absorption coefficient. The reflectivity was measured 
by using the diffraction peak-height method to measure the 
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relative intensities of the gamma rays following and 
decay. The values of Nelson and Hatch (17) were used 
for the relative intensities of the three strongest gamma rays 
following Eu^®® decay. The relative intensities of 
both Nelson and Hatch (17) and Edwards and Boehm (2 3) were 
used. These two sets of Hf^^oM relative intensities agree 
with each other within experimental errors. A straight line 
was fit to the logarithm of the quartz reflectivity vs the 
logarithm of the gamma-ray energy to see if the reflectivity 
followed an dependence. In the energy region from 57 to 
501 keV the relative intensities of Edwards and Boehm (23) 
gave an exponent of -2.006 ± 0.019. Using the relative 
intensities of Nelson and Hatch (17) gave an exponent on the 
energy dependence of -2.036 ± 0.021. Edwards and Boehm (23) 
found the reflectivity of their quartz crystal to be propor­
tional to E ~ 0.022^ The reflectivity of the germanium 
crystal did not follow a simple power law. 
The diffraction process in bent crystals is discussed by 
Knowles (8). The diffraction line width for most quartz 
crystals increases from about two seconds of arc to 13 seconds 
of arc upon bending. For incident energies above 6 0 keV the 
reflectivity is proportional to E~^. This indicates the 
radiation is scattered from a mosiac of crystallites within the 
single crystal. The diffraction line width of the germanium 
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crystal is around two seconds of arc even after it has been 
bent. The reflectivity of a perfect single crystal would be 
proportional to E~^ (8, 22). 
